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ABSTRACT 


Theoretical  performance  investigations  have  been  undertaken  for  a number 
of  wave-engine  configurations  using  the  techniques  of  the  method  of  character- 
istics. The  use  of  these  nonstaady  flow  techniques  permits  a determination  of 
intermittent  engine  performance  parameters  such  as  thrust  per  xanit  area,  specific 
fuel  consumption,  compression  efficiency  and  cycle  time  which  are  much  more  re- 
alistic than  those  obtained  by  the  use  of  the  conventional  quasi-steady  or 
steady-flow  methods. 

Because  of  the  possible  use  of  engines  of  this  nature  for  a variety  of 
propulsion  applications,  a sorae-v^at  detailed  review  of  the  results  of  the  studies 
is  included  in  this  report.  Two  basic  cycles  were  investigated.  In  one,  part 
or  all  of  the  initial  mass  of  gas  was  burned  during  a single  combustion  period 
per  cycle.  In  the  second,  the  initial  combustion  of  a small  portion  of  the 
volume  was  used  to  compress  the  remaining  mass  of  gas  to  a high  pressure  and 
this  compressed  mass  was  also  burned  during  the  cycle. 

From  these  studies,  it  has  been  possible  to  draw  some  conclusions  as 
to  the  optimum  engine  geometry  for  maximum  performance..  For  tlie  single  com- 
bustion cycles,  optimum  values  of  specific  fuel  consumption  of  the  order  of 
1.8  lbs,  fuel  per  hr. 

lb.  thrust  Indicated  at  M = 0.,65  for  sta.ndard  conditions. 

For  the  modified  cycle,  with  secondary  heat  addition,  optiram  theoretical 
specific  fuel  consumption  values  of  the  order  of  1.5  were  obtained. 
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INTROPaCTIOM 


The  recent  development  of  techniques  for  the  analysis  of  nonsteady 
flow  phenomena,  including  the  effects  of  heat  addition,  has  enabled  the  in- 
vestigation of  a large  group  of  phenomena,  hitherto  not  amenable  to  theo- 
retical treatnicnto  Of  especial  interest  is  the  application  of  these  tech- 
niques to  the  study  of  the  wave  phenomena  occurring  in  intermittent  engines 
of  various  kinds o For,  from  the  resulting  characteristic  cycles  or  wave 
diagrams,  an  estimate  of  nonsteady  engine  performance  parameters  such  as 
thrust  per  unit  area,  mass  flow,  cycle  time  and  specific  fuel  consianptlon 
may  be  obtained.. 

These  techniques,  consequently,  are  particularly  adapted  to  the 
study  of  the  wave  phenomena  occurring  in  intermittent  engines  of  the  type 

1 'I 

being  Investigated  in  this  Laboratory  » This  engine  configuration  consists, 
essentially,  of  two  concentric  shells,  subdivided. into  a number  of  equal 
passages  and  teminated  at  either  end  by  a rotating  disc  valve^  It  is 
possible,  in  any  configuration  such  as  this,  to  employ  a relatively  large 
number  of  different  thermodynamic  cycles,  since  tlie  particular  cycle  would 
be  controlled  by  the  relative  combustion  chamber  volume,  the  location  of 
the  combustion  region,  the  valve  phasing,  valve  geometry  and  valve  timing. 
This  paper  attempts  to  evaluate  the  possible  merits  of  the  simplest  of 
these  cycles. 
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The  chief  obstacle  to  the  accurate  determination  of  intermittent 
engine  performance  Is  the  lack  of  Information  concerning  the  heat  addition 
phenomena  and  the  boundary  conditions  at  the  engine  inlet  and  exhaust  dur- 
ing outflow  and  iuflow«  Basic  information  with  regard  to  the  combustion 
phenomena  occurring  under  the  highly  turbulent  flow  conditions  encountered 
in  practice  is  lacking.  Consequently,  it  has  been  necessary  to  employ  a 
somewhat  idealized  heat  addition  picture  in  the  cycle  calculations.  For 
this  purpose,  the  process  of  heat  addition  was  represented  by  the  following 
modes  of  heat  addition: 

1,  Constant  volume  combustion 

2o  Gradual  heat  addition  with  heat  added  at  a constant  rate 
The  reasons  for  making  these  assumptions  and  the  consequences  are  discussed 
in  detail 'in  Appendix  2, 

Although  general  methods  of  construction  of  the  characteristic 

4 5 

or  wave  cycles  can  be  found  in  a number  of  recent  articles  * , details  of 
the  method  for  application  to  specific  problems  are  not  as  yet  available 
in  print  (see  Reference  6),  For  this  reason,  a brief  review  of  the  proce- 
dures is  given  in  Appendix  B,  and  a few  specific  examples  are  worked  in 
detail. 
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The  following  performance  parameters  were  obtained  from  the  wave 


i diagrEuns: 

i 

j 

lo 

Specific  Fuel  Consumption  ^ 

- 1 

1 

1 

2o 

Mass  flbw  per  sec/sq.ft,  (“A) 

1 

- 

5o 

Thrust  per  sq,  in,  (TA) 

i 

4o 

Adiabatic  compression  efficiency 

'i 

5, 

Thrust  coefficient  (C^  = -r—  ) 

Ap0 

1, 

' 6o 

Mass  flow  coefficient  (Cm  = — ® — ) 

V 

4 

i 

1 

Over-all  efficiency  ; 

it 

t: 

T 

8o 

Entropy  rise  prior  to  compression 

1 !'  9" 

Entropy  rise  due  to  wave  compression 

•> 

, 1 ■ 10. 

Entropy  rise  due  to  heat  addition 

1 

1 

Ho 

Total  entropy  rise  in  the  cycle 

i 

t.T 

s 

12o 

Pressure  and  temperature  rise  prior  to  heat, addition 

1 

1 

15  o 

Pressure  and  temperature  rise  due  to  heat  addition 

1 

1 

j 14, 

Cycle  time 

The  methods  used  for  determining  these  parameters  are  described  in 

1 '' 

J 

' Appendix  2,  Although  performance  parameters  were  computed  for  sea-level 

i 

; ccnuitlons 

, the  method  by  which  these  results  may  be  extended  to  other 

1 

altitude  conditions  is  also  given  in  Appendix  2, 

: 

CONFIDENTIAL 


CONFIDENTIAL 


All  of  the  wave  engine  cycles  studied  are  included  in  Appendix  lo 
A summary  of  the  performance  for  the  different  configurations  studied  is 
given  at  the  beginning  of  Appendix  lo  All  of  the  studies  made  were  for 
straight- tube  configurations.  The  effect  of  changes  in  the  following 
quantities  were  investigated: 

lo  Air- fuel  ratio 

2o  Combustion  chamber  mass  and  length 
3 o Cycle  time 

In  Part  1 of  this  report,  the  performance  of  the  wave  engine  is 
discussed  assming  the  combustion  zone  occupies  one-fourth  of  the  tube 
volume.  The  effect  of  an  increase  in  the  volume  of  the  combustion  region 
to  one-half  of  the  tube  volume  is  examined  in  Part  2,  Possible  modifi- 
cations of  these  cycles  are  discussed  in  Part  3,  including  combustion 
over  the, whole  tube  volume  at  the  same  time  and  at  di.fferent  times 
(secondary  combustion  cycles).  In  each  section  the  details  of  the  cycles 
are  discussed  and  the  performance  for  each  cycle  is  summarized  in  Tables, 
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CHARACTERISTIC  STUDHS  OF  WAVE  EMQINE  PERFORMANCE 

In  the  first  wave  engine  cycles  selected  for  study  and  based  upon  the 

1 

eaq)erljnental  configuration  , It  was  assumed  that  the  optimum  performance  would 
be  obtained  by  continuously  maintaining  a shock  wave  in  the  tube,  which  would 
be  strengthened  and  reinforced  by  the  heat- addition  process,  Fig.  I.  It  was 
believed  that  the  strong  shook  wave  resulting  from  valve  closing  and  heat 


Fig,  I 

Assumed  Characteristic  Cycle 
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addition  could  be  used  to  obtain  efficient  compression  prior  to  heat  addition 
if  the  yalve  timing  and  tube  length  were  such  that  the  shock,  reflected  at  the 
inlet,  would  arrive  at  the  exit  valve  upon  conpletion  of  scavenging.  At  this 
instant,  the  exhaust  valve  would  be  closed  and  the  resultant  shock  reflection 
would  produce  relatively  high  pressures  in  the  conbiistion  region  prior  to  heat 
addition.  Por  the  initial  investigation,  a combustion  region  located  adjacent 
to  the  exhaust  valve  and  occupying  approximate^ly  one-fourth  of  the  tube  voluns 
was  assumed.  The  first  heat  addition  mode,  constant  volume  combustion,  was 
selected  primarily  because  of  the  simpUoity  of  the  calculations.  Two  differ- 
ent assuaptions  weM  made,  the  first  that  a constant  pressure  rise  of  four 
atmospheres  ooourred  during  the  heating  process  and  the  second  that  a constant 
amount  of  heat,  520  BTU*s  per  lb.  of  air,  vaB  added  per  cycle. 

The  cycles  listed  in  Table  1 were  investigated  and  the  performance  of 
the  various  oyoles  is  suRnariaed  in  Tables  2,  3 and 


TABU!  1 

CONSTANT  70LOKE  CC»{BU5TI0N 
Quarter-Length  Combustion  Chamber 


Table 

Figures 

(Appendix) 

Haoh  Number 

Heat  Addition  Assumption 

No.  Cycles 
Constructed 

3 

lA,  IB,  1C 

K - 0.65 

Constant  pressure  rise 
of  U atmospheres 

3 

3 

2A,  2B,  2C 

M - 0.65 

Constant  air-fuel  ratio, 
31-1 

3 

h 

3A,  3B 

H • 0 

Constant  pressure  rise 

2 

* In  these  tables  and  all  subsequent  diagrams  and  tables,  perfoznance  oaloula- 
tlons  are  for  sea-level  conditions. 
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The  principle  features  of  the  wave  cycles  are  shown  in  the  Appendix, 
Figures  lA  to  3B.  The  most  significant  feature  of  these  studies  is  the  rapid 
increase  in  entropy  observed  from  cycle  to  cycle  as  periodic  conditions  are 
approached,  A mass  of  air,  Initially  entering  the  inlet,  was  found  to  require 
approximately  four  complete  cycles  before  it  propagated  through  the  tube  and 
reached  the  exhaust  valve.  Consequently,  for  three  cycles,  as  can  be  seen  from 
Figs,  2A  to  2C,  the  air  mass  would  undergo  alternate  compressions  and  expansions 
before  heat  addition,  which  resulted  in  a large  increase  in  entropy  due  to  the 
passage  of  the  strong  shock  waves,  without  an  appreciable  Increase  in  the  pres- 
sure level. 

In  no  case  in  these  studies  was  a completely  periodic  condition  attained 
as  indicated  by  the  fluctuation  in  specific  fuel  consultation  values,  as  well  as 
the  increase  in  the  total  entropy  of  the  air  from  cycle  to  cycle,  Tables  2 and  3. 
However,  after  three  cycles,  it  can  be  seen  that  periodic  conditions  are  gradU" 
ally  beix^5  approached  as  all  air  particles  from  the  third  cycle  on  will  have 
approximately  the  same  history  of  entropy  losses  as  the  air  heated  during  the 
third  cycle. 

The  performanoe,  wherever  possible,  is  given  in  a dimensionless  form  in 
the  tables.  The  combustion  chamber  mass  is  given  in  terms  of  the  ratio  of  the 
mass  in  the  combustion  region  to  the  total  mass  that  would  occupy  the  tube  under 
the  free-flight  flow  conditions  with  the  inlet  and  exit  valves  open  and  no 
heat  addition.  The  definitions  of  aciiabatlo  compression  efficiency,  thermal 
ef^loienoy,  propulsive  efficiency  and  overall  efficiency  are  defined  in  the 
standard  manner,  Flntropy  rise  (As)  is  denoted  in  dimensionless  units, 

where  yT  is  the  ratio  of  specific  heats  and  R the  gas  constant.  Pres- 

yn 

sures  are  given  in  terms  of  the  ratio  of  the  actual  pressures  encountered  to 
a reference  ambient  pressure,  p^.  Temperatures  are  also  given  in  terms  of  a 
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TABLE  2 

CONSTANT  VOLUME  COMBUSTION,  M 


PERFORMANCE  BASED  OK 
CHARACTERISTIC  CYCLE  ANALYSIS 


I 


RST 

SE 

CLE 

CY 

Figures  (Appendix) 


Air-fuel  Ratio 


CoMbustion  Chamber  Mass 


Specific  Fuel  Ccnsumption 


Mass  Flow  per  sec./sq.  ft. 


Thrust  per  sq. 


Adiabatic  Compression  Efficiency 


Thrust  Coefficient 


Hass  Flow  Coefficient 


Overall  Efficiency 


lA 

IB 

1C 

46.0 

34.4 

27.2 

0.450 

0.534 

0.370 

2.026 

2.519 

2.665 

51.55 

42,23 

32.58 

8.65 

12.18 

11.24 

0.925 

0.642 

0.343 

0.588 

0.829 

0.765 

0,569 

0.494 

0.381 

0.086 

0.069 

0.065 

Entropy  Rise  Prior  to  Hammer  Comp. 

0 

0.388 

0.924 

Entropy  Rise  Due  to  Hammer  Comp. 

0.044 

0.007 

0.151 

Entropy  Rise  Due  to  Heat  Addition 

2.475 

2.475 

2.475 

Total  Entropy  of  Cycle 

2.519 

2.870 

3.550 

Pressure  Before  Heat  Addition 

2.334 

3.608 

3.161 

Pressure  After  Heat  Addition 

9,535 

14.430 

12.643 

Temperature  Before  Heat  Addition 

1.296 

1.690 

2.136 

Temperature  After  Heat  Addition 

5.185 

6.769 

8.543 

Cycle  Time 

1.218 

1.080 

0.970 

Combustion  Chamber  Length 

0.25 

0.25 

0.25 

1.55S 


0.165 


2.475 


4.194 


S.362 


15.448 


2.811 


11.244 
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TABLE  3 

CONSTANT  VOLUME  COMBUSTION,  Mi  ^ 0,66 


PERFORMANCE  BASED  ON 
CHARACTERISTIC  CYCLE  ANALYSIS 


Figures  (Appendix) 


Air-fuel  Ratio 


Combustion  Chamber  Mass 


Specific  Fuel  Consumption 


Hass  Flow  per  sec./sq.  ft. 


Thrust  per  sq. 


Adiabatic  Compression  Efficiency 


Thrust  Coefficient 


Hass  Flow  Coefficient 


Ovsraii  Efficiency 


9 _ 
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2A 

2B 

31 

31 

0.450 

0.560 

2.530 

2.083 

35.45 

48.58 

11.30 

18.80 

0.91 

0.51 

0.769 

1.279 

0.415 

0.569 

0.069 

0.084 

2C 


31 


0,.342 


2.387 


Sl„76 


10.73 


0.26 


0.730 


FOURTH 
LE 


2C 


31 


0.269 


Entropy  Rise  Prior  to  Hammer  Comp. 

0 

0.539 

1,409 

Entropy  Rise  Due  to  Hammer  Comp. 

0.044 

0.187 

0.213 

Entropy  Rise  Due  to  Heat  Addition 

3.010 

2.376 

2.191 

Total  Entropy  of  Cycle 

3.054 

3.086 

3.600 

Pressure  Before  Heat  Addition 

2.334 

4.644 

3.849 

Pressure  After  Heat  Addition 

12  ..600 

17.416 

11.653 

Temperature  Before  Heat  Addition 

1.296 

2,073 

2.811 

Temperature  After  Heat  Addition 

6 998 

7.775 

8.514 

Cycle  Tima 

1.085 

0.985 

0 .920 

Combustion  Chamber  Length 

0.25 

0..25 

0 .25 

1.800 


0.300 


1.773 


3.873 


3.553 


9.682 


3.305 


9.007 
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Figures  (Appendix) 


Air-fuel  Retio 


Combustion  Chamber  Hass 


Specific  Fuel  Consumption 


Maas  Flow  par  sec>/aq.  ft. 


Thrust  per  sq.  in. 


Adiabatic  Compression  Efficiency 


Thrust  Coefficient 


Hass  Flow  Coefficient 


Overall  Efficiency 


Entropy  Rise  Prior  to  Hammer  Comp 


Entropy  Rise  Due  to  Hammer  Comp. 


Entropy  Rise  Oue  to  Heat  Addition 


Total  Entropy  of  Cycle 


Presaure  Before  Heat  Addition 


Pressure  After  Heat  Addition 


Temperature  Before  Ksat  Addition 


Temperature  After  Heat  Addition 


Cycle  Time 


Combustion  Chamber  Length 


CONFIDENTIAL 


CONFIDENTIAL 


ratio,  the  reference  temperature  being  the  ambient  temperature,  Cycle 

time  is  expressed  in  the  dimensionless  form 

'C  ( cycle  time)  a 

L 

where 8 L is  the  overall  tube  length 

Bq  Is  the  ambient  velocity  of  sound 
t is  time,  in  seconds 


Since  all  systems  investigated  were  straight-tube  configurations,  the  relative 
combustion  chamber  volume  is  expressed  in  terms  of  percent  of  overall  tube 
length,  Lq/Lq. 

All  of  the  characteristics  cycles  were  constructed  in  a dimensionless 
fom  for  a particular  Mach  number.  The  specific  performance  parameters 
thrust/unit  area,  specific  fuel  eonsvui^Jtion  and  mass  flow/unit  time/unit  area 
for  the  particular  Mach  number  may  therefore  be  obtained  for  any  altitude  by 
substituting  the  appropriate  values  of  pressure,  density,  temperature  and 
sound  velocity.  The  performance  parameters  given  in  the  Tables  and  Figures  In 
f^e  Appendix  were  determined  for  sea-level  conditions.  For  any  other  altitude 
condition,  the  performance  parameters  may  be  determined  xising  the  following 
relations  8 


(S.F.C.)g 


« 


(^o)alt 


A 


vThrust/unit  are®)ait."  (TJwust/unit  area)g^j^^ 


fo) 

Z) 


alt, 
3 0 Jjg 


(Mass  flow/seo/unit  area) 


alt. 


(Maes  flow/sec/unit  area) 

5iL« 


where  8 a^ 

fo 

S,F,C* 


ambient  velocity  of  sound 
ambient  density 

specific  fuel  oonevui^tion  (lb8,fuel/8eo,/lb,tl'irust) 


8,L,  > sea-level  conditions 
alt,  ■ altitude  conditions 

The  compression  efficiency,  thermal  efficiency,  propulsive  efficiency  and  overall 


efficiency  obtained  for  a particular  Ifech  number  do  not  vary  with  altitude. 
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The  assumption  of  a constant  pressure  rise  of  4 atmospheres  was  found  to 
be  unsatisfactory.  As  can  be  seen  from  Table  2,  as  the  entropy  Increased  prior 
to  the  heat-addition  process ^ more  and  more  fuel  was  required  In  succeeding 
cycles  in  order  to  sustain  the  assumed  pressure  rise.  For  example,  at  M - 0.65, 
Table  2,  the  required  air-fuel  ratio  Tarled  from  45  to  20.9,  Since  periodic 
conditions  were  being  approached  slowly  and  the  entropy  rise  from  cycle  to  cycle 
was  increasing  rapidly,  it  appeared  that  a condition  could  be  approached  wherein 
sufficient  fuel  could  not  be  supplied  in  order  to  sustain  the  assumed  pressure 
rise,  assuming  a limiting  alr-f^iel  ratio  of  15-1.  Because  of  the  unrealistic 
nature  of  this  assumption,  aU  subsequent  calculations  weie  made  with  a con- 
stant amount  of  heat  added  per  cycle,  as  in  Table  3. 

Although  the  diagrams  were  constructed  for  a particular  quantity  of 
heat  added  per  cycle  at  sea  level  to  yield  a constant  fuel-air  ratio,  the 
resulting  temperature  ratio  can  be  correlated  with  a different  amount  of  heat 
and  hence,  a different  fuel-air  ratio  at  any  other  altitude,  using  the  relation 


C^A)alt. 


C^)alt. 


^Oalt. 


where}  ts-  ambient  temperature 
0 

One  unexpected  outgrowth  of  these  studies  was  tho  observation  that  the 
quarter-length  cycles  would  not  confona  to  the  original,  ideal  shock  pieture. 

In  all  the  cycles  studied,  it  was  found,  as  periodic  conditions  were  approached, 
that  the  shock  reflected  at  the  inlet  valve  would  propagate  through  the  burned 
gas  before  scavenging  could  be  consisted,  even  under  the  ideal  conditions  of 
Instantaneous  heat  addition.  Consequently,  the  actual  con^ression  prior  to 
heat  addition  occurred  through  a single  shock  generated  by  rapid  closure  of 
the  exhaust  valve,  FigJI. 
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Fig.  II 

Actual  Charaoterletio  C7ole 

The  optimum  oon^resslon  obtalnablei  then,  would  be  that  of  a nhammer”  ehook 
created  as  a result  of  rapid  closure  of  the  exhaust  valve.  Although  this 
process  of  compression  b7  a '^hammer"  shook  can  be  relatively  efficient,  the 
oharaoteristlo  studies  indicated  that  the  losses  associated  with  the  passage 
of  strong  shocks  through  the  unburned  gas  prior  to  compression  seriously 
reduced  the  resultant  oon$rea8ion  efficienoy.  For  example,  at  H • 0.65, 
(Table  3)  in  the  third  cycle,  the  rasulting  compression  efficiency  before 


A 
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heat  addition  was  26  percent®  The  resultant  specific  fuel  consumption  at  this 
Mach  number  was  2.4  lbs,  fuel/hr./lb.  thrust.  The  adj,abatic  con^ression  effic- 
iency obtained  in  the  next  cycle  which  was  not  carried  to  completion  was  foxind 
to  be  even  less.  Performance  was  determined  by  graphical  integration  of  the 
resultant  pressure  and  momentum  contributions  assuming  ideal  exit  flow  condi- 
tions, The  value  of  specific  fuel  consuTiQ^tlon  was  based  on  net  thrust,  i,e., 
exit  momentum  contributions  minus  the  momentum  of  the  incoming  air. 

Because  of  the  relatively  poor  resultant  performance  and  the  unsatisfactory 
heat- addition  assumption,  the  study  at  M « 0 was  not  carried  through  the  third 
cycle,  since  it  was  observed  that  similar  phenomena  would  occur. 

In  order  to  determine  if  the  constant-volume,  instantaneous-heat-e^ditlon 
assumption  tended  to  overemphasize  the  actual  shock  losses  which  would  occur, 
studies  were  also  made  assuming  a gradual  heat-addition  process  tdiich  would  be 
more  closely  related  to  the  actual  physical  process.  The  following  cycles  listed 
in  Table  5 were  investigated. 


TABLE  g 

(aiADUAL  HEAT  ADDITION 
Quarter-Length  Combustion  Chamber 


Table 

Figures 

(Appendix) 

Mach 

Number 

No,  of  Cycles 
Investigated 

Comments 

6 

U,  Ub,  he 

0.65 

3 

7 

^A, 

0,95 

2 

Initial  conditions  based 
on  3rd  cycle  condition  of 
Table  6 

8 

6a,  6b,  6c 

0,65 

3 

Effect  of  change  in  clos- 
ing time  of  exit  valve 
after  scavenging 

9 

7A 

0,65 

1 

Study  of  effect  of  mass 
removal  at  the  inlet 

” 14  " 
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Typical  features  of  these  cycles  are  shown  in  the  Appendix,  Figs,  iiA  to  7A, 
and  the  performance  is  summarized  in  Tables  6-9, 

Because  of  the  assun^tion  of  a fixed  period  for  the  heat  addition,  'Uie 
resultant  pressure  rise  depended  upon  the  entropy  values  at  the  beginning  of 
the  heat>addltlon  process.  Since  the  entropy  before  heat  addition  increased 
from  cycle  to  cycle,  the  resultant  pressure  rise  due  to  heat  addition  decreased, 
at  M " Os65,  from  3*1  atmospheres  in  the  first  cycle  to  l.U  atmospheres  in  the 
third  cycle.  As  can  be  seen  from  Table  6,  for  the  beginning  of  the  Uth  cycle, 
the  total  entropy  rise  before  heat  addition  was  somewhat  less  than  in  the  previous 
cycle.  The  performance  figure  quoted  for  the  third  cycle  represents,  therefore, 
a performance  very  near  that  for  the  cyclic  condition.  Since  the  constant- 
volume  combustion  calculations  indicated  a specific  fuel  consu»)ption  of  2,4 
lbs, fuel  per  hr, /lb, thrust,  the  maximum  performance  values  for  this  quarter- 
length  combustion  cycle  would  lie  in  the  specific  fuel  consumption  range 
2,4  - 2.9, 

The  relatively  low  values  of  specific  impulse  obtained  in  the  second 
cycles.  Tables  3 and  6,  were  due  to  the  fact  that  the  compressed  gas  had  not 
undergone  the  oon^lete  history  of  losses  §.b  in  the  third  cycle  and  hence,  the 
pressures  were  achieved  at  compression  efficiencies  of  about  $0  percent  as 
compared  to  30  percent  in  the  third  cycle. 

The  fuel  oonsunQitlon  values  varying  between  2, 4 and  2, 9 were  much 
larger  than  expected  and  these  results  were  due  primarily  to  the  accumulated 
entropy  losses  in  the  unburned  gas  prior  to  con^ression  and  heat  addition* 

The  pressures  of  approximetely  three  atmospheres,  prior  to  heat  addition, 
ware  obtained  at  the  expense  of  a considerable  portion  of  the  available 
energy  of  the  cycle  ^ 

Studies  were  also  made  at  M ■ 0,95,  Table  7,  to  determine  if  improved 
inflow  conditions  could  be  obtained  resulting  in  an  increase  in  the  mass  of  gas 
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TABLE  6 

GRADUAL  HEAT  ADDITION  , = 0.65 


PERFORNASiCc  BASED  ON 
CHARACTERISTIC  CYCLE  ANALYSIS 


FIRST 

CYCLE 


Entropy  Rloo  Prior  to  Honmor  Coop. 

0 

Entropy  Rise  Due  to  HaMRor  Comp. 

0.044 

Entropy  Riso  Due  to  Heat  Addition 

3,170 

Total  Entropy  of  Cycle 

3.214 

Preaaure  Before  Heat  Addition 

2.334 

Preaaure  After  Heat  Addition 

7.293 

TeRpereture  Before  Heat  Addition 

1.296 

ToRperaturo  After  Heat  Addition 

6.408 

Cycle  TImo 

1.410 

Combustion  ChsRber  Length 

0.25 

0.505 


0.275 


2.777 


3.355 


3.717 


6.168 


1.833 


6.518 


1.295 


0.2S 
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THIRD 

CYCLE 


0.870 


0.378 


2.515 


3.763 


5.311 


4.611 


2.320 


6.901 


1.310 


0.25 


Figures  (Appendix) 

4A 

4B 

40 

Alr>fuei  Ratio 

3i 

31 

51 

CoRbustion  Chamber  Hass 

0.450 

0.507 

0.357 

Bpscifie  Fuel  ConsuRption 

2.484 

2.431 

5.043 

Hass  Flow  per  sec./sq.  ft. 

27.26 

33.44 

23.27 

Thrust  per  sq.  In. 

8.85 

11.10 

6.17 

Adiabatic  Comprasslon  Efficiency 

0.91 

0.54 

0.29 

Thrust  Coefficient 

0.602 

0.755 

0.420 

Hass  Flow  Coefficient 

0.319 

0.591 

0.272 

Overall  Efficiency 

0,070 

0.072 

0.057 

4C 


31 


0.333 


0.797 


0.303 


3.000 


2.250 
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TABLE  7 

GRADUAL  HEAT  ADDITION,  - 0,95 
(Inltinl  Conditions  from  Mj_  = 0 65) 


PERFORMANCE  BASED  OH 

CHARACTERISTIC  CYCLE  ANALYSIS 

FIRST 

CYCLE 

SECOND 

CYCLE 

Figure  (Appendix) 

5A 

5B 

Air-fuel  Ratio 

SI 

31 

Combustion  Chamber  Mass 

0„269 

0.414 

Specific  Fuel  Consumption 

4„311 

,2.736 

Mass  Flow  per  sec./sq.  ft. 

19o29 

28.64 

Thrust  per  sq.  in. 

3. .61 

8.29 

Adiabatic  Compression  Efficiency 

Ool9 

0.31 

Thrust  Coefficient 

0„246 

0.564 

Mass  Flow  Coefficient 

0„226 

0.335 

Overall  Efficiency 

0.059 

0.091 

Entropy  Rise  Prior  to  HariiMer  Compression 

l„7a2 

Entropy  Rise  Due  to  Hammer  Compression 

0.500 

0.380 

Entropy  Rise  Due  to  Heat  Addition 

2.018 

2.166 

Total  Entropy  of  Cycle 

4„100 

3.642 

Pressure  Before  Heat  Addition 

3.553 

4.627 

Pressure  After  Heat  Addltivin 

3.955 

6.704 

Temperature  Before  Heat  Addition 

3.305 

2.796 

Temperature  After  Heat  Addition 

7.634 

7.392 

Cycle  Time 

1190 

1.235 

Total  hiass 

Combustion  Chamber  Length 

0.25 

0,25 
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TABLE  8 

GRADUAL  HEAT  ADDITION, 

Variation  of  Closing  Time  of  First  Cycle  of  IV 


PERFORMANCE  BASED  ON 

CHARACTERISTIC  CYCLE  ANALYSIS 

TUBE  LEFT 

OPEN  UNTIL 

T = 1„S50 

TUBE  LEFT 
OPEN  UNTIL 

= 1,560 

Figures  (Appendix) 

6A 

6B 

Air-fuel  Ratio 

31 

31 

Combustion  Chamber  Hass 

0.450 

0.450 

Specific  Fuel  Consumption 

1,986 

1,835 

ilass  Flow  per  sec./sq.  ft. 

24.03 

20.95 

Thrust  per  sq.  In. 

9,76 

9.22 

Adiabatic  Compression  Efficiency 

0,910 

0.910 

Thrust  Coeffioient 

0,664 

0.627 

Hass  Flow  Coefficient 

imggiiii 

0,245 

Overall  Efficiency 

0.088 

0,095 

Entropy  Rise  Prior  to  Htnirer  Coup. 


Entropy  Rise  Cue  to  Han«er  Cofip. 


Entropy  Rise  Due  to  Heat  Addition 


Total  Entropy  of  Cycle 


Pressure  Before  Heat  Addition 


Pressure  After  Heat  Addition 


Tenporature  Before  Heat  Addition 


Teaperature  After  Heat  AddItUr, 


Cycle  Tine 


Combustion  Chamber  Length 


0.044 


3.170 


3,214 


2.334 


7,293 


1.296 


e.408 


1.600 


0.25 


0 

0 

0.044 

0.044 

3.170 

3.170 

3.214 

3.214 

2,334 

2.334 

7.293 

7.293 

1.296 

1.296 

6.40B 

6.408 

1,835 

5,050 

1 

0,25 

0.25 
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TABLE  9 

GRADUAL  HEAT  ADDITION,  = 0 65 

Ffr&ct  of  Mass  Hemoval  at  Inlet 


PERFORMANCE  BASED  ON 

FIRST 

SECOND 

CHARACTERISTIC  CYCLE  ANALYSIS 

CYCLE 

CYCLE 

Figure  (Appendix) 

7A 

7A 

Air>fuel  Ratio 

31 

31 

Combustion  Chamber  Haas 

0„450 

0,526 

Specific  Fuel  Consumption 

2„850 

Mass  Flow  per  aeci/sq.  ft. 

29„74 

Thrust  per  aq.  in. 

8„43 

Adiabatic  Compression  Efficiency 

0.91 

0,52 

Thrust  Coefficient 

0„573 

Mass  Flow  Coefficient 

0.348 

Overall  Efficiency 

0,061 

Entropy  Rise  Prior  to  Hammer  Compression 

0 

0,140 

Entropy  Rise  Due  to  Hammer  Compression 

0,044 

0,634 

Entropy  Rise  Due  to  Heat  Addition 

3,170 

Total  Entropy  of  Cycle 

5,214 

Pressure  Befom  Heat  Additioi. 

2,534 

4,120 

Pressure  After  Heat  Addition 

7,293 

Temperature  Before  Heat  Addition 

1,296 

1,960 

Temperature  After  Heat  Addition 

6,408 

Cycle  Time 

1.290 

Total  Mass 

Combustion  Chamber  Length 

0,25 

0,25 
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consumed  per  cycle  and  a corresponding  reduction  in  the  entropy  losses  due 
to  shock  passage  in  the  unburneu  gas.  The  wave  phenomena  was  such  that,  although 
an  iiT^irovement  in  mass  flow  was  evidenced,  the  number  of  cycles  required  for  a 
particle  to  move  completely  through  the  tube  remained  approximately  the  same. 

The  mass  flow  increase  resulted  only  from  the  increase  in  density  corresponding 
to  the  increase  in  Mach  number.  The  results  of  calculations  assuming  gradual 
heat  addition  for  M » 0.9S  are  summarized  in  Table  7 and  the  details  of  the  wave 
cycle  are  shovm  in  Fig.  5.  In  order  to  facilitate  the  calculations,  the  initial 
cycle  flow  conditions  were  based  on  the  flow  conditions  obtained  in  the  third 
>j„cx ' ealeulation  for  gradual  heat  addition,  M ■ 0.65. 

In  all  the  previous  investigations,  the  cycle  studies  were  initiated  by 
assuming  that  the  tube  was  completely  open  and  that  free-flight  flow  conditlor 
were  existing  in  the  tube  at  the  instant  of  closure  of  the  rear  valve.  The 
resultant  hammer  compression  condition  was  then  taken  as  the  initial  condition 
for  heat  addition.  As  a result,  the  performance  of  the  first  and  second  cycles 
was  always  superior  to  the  performance  of  succeeding  cycles,  since  the  entropy 
losses  in  the  unbumed  gas  were  not  accuratd.y  represented.  With  these  initial 
assumptions,  it  was  always  necessary  to  construct  at  least  three  cycles  before 
an  accurate  estimate  of  performance  could  b«  obtained.  Attempts  to  reduce  the 
calculation  time  by  assuming  arbitrary  initial  conditions  to  obtain  more  rapid 
convergence  as  in  Table  7 were  found  to  be  impractical,  due  to  the  impossibility 
of  duplicating  the  entropy  distributions  in  the  unbumed  gas  as  the  periodic 
condition  was  approached.  This  inability  to  accurately  represent  the  correct 
entropy  distributions  could  lead  to  reduced  performance, as  in  the  first  cycle 
of  Table  9 when  the  entropy  was  overestimated,  or  to  exaggerated  performance  values 
and  high  pressures  prior  to  oombu8tion,when  as  in  some  of  the  early  unreported 
investigations,  the  entropy  increase  was  underestimated.  Since  the  number  of 
cycles  required  for  a particle  to  pass  through  the  tube  was  not  altered  appreciably 
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upon  increasing  the  Mach  munber  from  0,65  to  0.95y  these  studies  were  not  con- 
tinued. 

It  became  obvious  during  these  studies  that  the  initial  cycle  visualized, 
Fig,  1,  in  which  a shock  wave  was  maintained  continuously  in  the  tube  would  not 
be  a practical  configuration.  In  order  to  match  the  time  of  arrival  of  the 
interface  and  the  reflected  shock,  as  indicated  in  Pig.  1,  it  would  be  necessary 
to  further  reduce  the  relative  combustion  chamber  length.  This  would  lead  to  an 
increase  in  the  number  of  shock  passages  occurring  in  the  unbumed  gas  before  the 
actual  process  of  compression  and  heat  addition  and  result  in  a lower  overall 
performance  than  shown  in  Tables  2 and  6. 

As  a result  of  the  necessity  for  improving  the  scavenging  characteristics, 
modifications  of  the  quarter-length  combustion  cycle  were  investigated.  The 
first  modification  studied  was  the  effect  of  discharging  a portion  of  the  unturned 
gas  during  the  cycle  upon  completion  of  the  scavenging  of  the  burned  gas,  see 
Fig,  6,  Instead  of  closing  the  exit  valve  upon  completion  of  scavenging  of  the 
burned  gas,  the  exit  valve  was  left  open  and  cold  air  was  permitted  to  escape, 
Table  8.  The  exhaust  of  this  high-velocity  cold  air  caused  an  appreciable 
increase  in  the  cycle  performance,  decreasing  the  specific  fuel  consumption 
from  2.5,  Table  6,  to  2,0,  Table  8,  The  ma^Jor  disadvantage  of  this  modifica- 
tion was  the  long  period  required  to  complete  the  scavenging  of  the  cold  air 
mass.  Figs,  6a,  6B  and  6g.  If  only  the  portion  of  tuiburned  gas  possessing  a 
high  velocity  was  scavenged,  the  remaining  mass  with  a low  velocity  but  still 
possessing  a relatively  large  entropy  value  would,  upon  closure  of  the  exit 
valve,  result  in  a very  low  compression  ratio  prior  to  heat  addition.  Perfor- 
mance in  succeeding  cycles  would  then  be  poor.  As  can  be  seen  from  Fig,  6c, 

if  the  exit  valve  remained  open  until  all  the  gas  with  a high  entroiy  was 
discharged,  the  total  cycle  time  would  be  so  long  that  the  cycle  would  not  be 
a practical  one.  IDuring  the  low  velocity  discharge  phase,  a shock  is  created  at 
the  exit  which  propagates  upstream,  further  reducing  the  discharge  velocity  and 
Increasing  the  total  cycle  time,  - 21  - 
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The  boundary  condition  applied  during  the  outflow  phase  was  the  conven- 
tional condition  that  the  pressure  was  equal  to  the  ambient  pressure.  This 
condition,  however,  is  strictly  true  only  for  the  case  of  static  operation. 
During  exhaust  at  high  flight  speeds  when  the  exhaust  velocity  of  the  jet  is 
less  than  that  of  the  surrounding  stream,  it  would  be  expected  that  shear 
forces  would  be  acting,  tending  to  accelerate  the  flow  at  the  exit.  This  would 
occur  because  the  total  head  of  the  surrounding  stream  would  be  greater  than 
that  of  the  hot  exhaust  gas  during  the  low  velocity  phase  of  discharge.  The 
assumption  of  ambient  pressure  conditions  would  hence  be  a conservative  one  for 
the  case  of  an  engine  discharging  directly  to  the  atmosphere  and  would  tend  to 
cause  an  over-estimation  of  the  required  scavenging  time. 

Another  method  proposed  by  A.  Hertzberg,  that  of  mass  removal  at  the 
intake,  was  studied.  This  method  involved  the  removal  of  a portion  of  the 
unbumed  gas  in  the  tube  at  the  air  inlet  upon  completii  n of  the  heat-addition 
process.  This  air  would  be  taken  into  a set  of  rotating  tubes  at  the  inlet  and 
readmitted  into  the  wave  tubes  at  a more  favorable  time  to  improve  the  scaveng- 
ing, Fig,  7A,  Table  9.  In  this  cycle,  however,  no  reflected  shook  passed 
through  the  major  portion  of  the  burned  gas  to  its  scavenging  velocity.  As  a 
consequence,  the  performance  of  this  cycle  was  much  less  than  the  first  cycle 
performance  for  the  original  cycle.  Table  6,  Although  this  cycle  would  permit 
a greater  amount  of  energy  to  be  utilized  in  the  compression  process,  resulting 
in  a higher  pressure  prior  to  heat  addition,  no  ingjroveraent  in  con^jression 
efficiency  was  ebservfcd  over  that  of  the  original  cycle.  Table  6 and  hence, 
resulting  cycles  worild  show  no  significant  in^rovement. 

A conventional  pulsejet  cycle  was  also  studied.  Table  10,  Fig.  8a,  to 
determine  if  a portion  of  the  hot  gas  exhaust  could  be  utilized  for  compression. 
An  exhaust  valve  was  located  at  the  exit  duiing  the  discharge  to  generate  a 
shock  wave  that  would  propagate  upstream  and  compress  the  unburned  gas  prior 
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TABLE  10 

GRADUAL  HEAT  ADDITION,  Mi  0 

Falsejei  Cycle 


PERFORMANCE  BASED  ON 

FIRST 

SECOND 

CHARAC’fcRISTIC  CYCLE  ANALYSIS 

CYCLE 

CYCLE 

Figure  (Appendix) 

8A 

8A 

Air-fuel  Ratio 

31 

31 

Combustion  Chamber  Mass 

0<,15 

0„144 

Specific  Fuel  Consumption 

2a38 

Mass  Flow  per  sec./sq.  ft. 

10„34 

Thrust  per  sq.  in. 

5<.90 

Adiabatic  Compression  Efficiency 

1.00 

0.925 

Thrust  Coefficient 

0.265 

Mass  Flow  Coef f Ic i en t 

0.121 

Overall  Efficiency 

Entropy  Rise  Prior  to  Hamiiier  Compression 

0 

0 

Entropy  Rise  Due  to  Hammer  Compression 

0 

0.028 

Entropy  Rise  Due  to  Heat  Addition 

5.685 

Total  Entropy  of  Cycle 

3.685 

. 

Pressure  Before  Heat  Addition 

1.000 

1.485 

Pressure  After  Heat  Addition 

2.500 

Temperature  Before  Heat  Addition 

1.000 

1,.130 

Temperature  After  Heat  Addition 

5.671 

Cycle  Time 

1.24 

Total  Maas 

Combustion  Chamber  Length 

0 ,15 

0.11 
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to  heat  addition,  Fig#  8A.  However,  the  v^ocity  profile  during  discharge  was 
such  that  the  exit  valve  could  only  be  inserted  in  a low- velocity  region  in 
order  to  obtain  compression  at  the  inlet  at  the  proper  time  and  hence,  the 
reflected  shock  did  not  result  in  an  appreciable  increase  of  pressure  prior  to 
heat  addition.  These  studies  were  therefore  not  extended. 

In  these  investigations,  the  most  significant  inq;>rovement  in  performance 
of  the  first  cycle  at  M a 0,65  occurred,  Table  8,  when  the  cycle  time  was  increased 
to  permit  discharge  of  a portion  of  the  unbumed  gas  at  high  exit  vel.ocities.  The 
specific  fuel  consun^lon  value  of  2,5,  obtained  when  only  the  hot  gas  was  dis- 
charged during  the  cycle,  dropped  to  2,0  i«hen  a portion  of  the  high  velocity 
unbumed  gas  was  exhausted.  In  the  quarter-length  combustion  cycle, conse- 
quently, a large  amount  of  the  available  energy  of  the  burned  gas  was  trans- 
ferred to  the  unbumed  gas  through  the  shock  wave.  This  energy,  due  to  the 
large  entropy  increase  caused  by  the  passage  of  shock  waves,  coTild  not  be 
effectively  used  for  compression  in  succeeding  cycles. 

Since  this  quarter-length  cycle  did  not  lead  to  a practical  cycle,  studLes 
of  the  effect  of  increasing  the  relative  combustion  chamber  volume  were  initiated. 

By  increasing  the  combustion  chamber  volume  and  length,  the  reflected  shock  would 
pass  through  the  burned  gas  much  earlier  and  hence,  a considerable  portion  of  the 
available  energy  would  be  used  in  accelerating  the  burned  gas  during  discharge, 

Fig.  III. 

Performance  studies  of  this  configuration  indicated  that  an  increase  in 
combustion  chamber  length  to  approximately  one-half  of  the  overall  tube  length 
would,  in  addition,  reduce  the  time  of  travel  of  a given  air  mass  through  the 
tuoe  to  two  cycles.  Hence,  the  entropy  loss  incurred  in  the  unbumed  gas  would 
be  reduced  to  that  corresponding  to  two  shock  waves,  Figjn.  However,  since  the 
major  portion  of  the  energy  would  be  utilized  in  accelerating  the  hot  gas  during 
discharge,  the  characteristics  studies  indicated  that  a very  small  aiuount  of  the  energy 
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mifiifiJinHin 
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Fig.  HI 

Effect  of  Change  in  Combustion  Chamber  Length 
on  Wave  Engine  Cycle 


of  the  heat-addition  process  would  be  available  forcompressionin  socceedlng.cycles.  In 
effect,  variations  in  the  relative  combustion  chamber  length  could  be  used  to 
control  the  amount  of  energy  utilized  in  the  compression  and  expansion  processes, 

A number  of  different  configurations  were  studied  with  the  combustion 
chamber  length  equal  approximately  to  one-half  of  the  overall  tube  ler.f.th. 

These  configurations  are  tabulated  in  Table  IX,  and  the  cycle  diagrams  are 
included  in  the  Appendix,  Figs,  9A  to  II4A. 

For  these  studies,  although  the  initial  value  of  the  combustion  chamber 
length  was  selected  as  one-half  of  the  total  tube  length,  it  was  found  that  the 
remaining  volume  of  air  in  the  tube  which  suffered  an  entropy  increase  due  to 

- 25  - 

confidential 


CONFIDENTIAL 


TABLE  H 

HALF-LENGTH  CCHBUSTION  CICLE 
a/f  - 31/1 


Table 

Figures 

(Appendix) 

f/a 

Mach 

Number 

Combustion  Mode 

No.  Cycles 
Investigated 

12 

9A,  9B,  90 

1/31 

0.65 

Constant  volume  combustion 

3 

13 

10A,10E,10C 

1/31 

0.95 

Constant  volume  combustion 

3 

lU 

UA,11B,11C 

1/31 

0.65 

Gradual  heat  addition 

3 

15 

12A,12B,12C 

1/31 

0.95 

Gradual  heat  addition 

3 

16 

13A,13B,13C 

1/31 

' 0.0 

Constant  volume  combustion 

3 

17 

IhA 

1/31 

0.95 

Constant  volume  combustion 

. 

SrdQycle 

Shock  passage  occupied  a region  In  the  next  cycle  slightly  greater  than  the  original 
assumed  length*  In  the  constant  volume  calculations*  Tables  12  and  13>  the  fixed 
combustion  chamber  length  was  based  on  conditions  found  In  the  second  or  third  cycles. 

As  can  be  seen  by  comparing  third  cycle  conditions*  Tables  3 and  12*  even 
though  the  initial  and  final  third  cycle  pressures  were  greater  for  the  quarter- 
length  cycle  than  the  half-length  cycle.  Table  12,  the  overall  entropy  rise  for 
the  quarter-length  cycle  was  also  greater.  Consequently,  the'  resultant  perfommnce 
of  the  half-length  cycle  was  substantially  improved  over  that  obtained  for  the 
quarter-length  cycle.  This  was  due  primarily  to  the  smaller  losses  encountered 
In  the  unbumed  gas  prior  to  compression. 

Studies  were  also  carried  out  at  M ■ 0.95  assuming  constant  volume  combus- 
tion, The  resists,  Table  13,  indicated  a slight  increase  in  specific  fuel 
consumption  with  Mach  ntunber* 
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TABLE  12 

CONSTANT  VOLUME  COMBUST  SON,  Mi  - 0.65 


PERFORMANCE  BASED  ON 
CHARACTERISTIC  CYCLE  ANALYSIS 


RST 

SECOND 

CLE 

CYCLE 

Cycle  Time 


Combustion  Chamber  Length 


1,975 


0,50 


2,164 


0.,565 
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THIRD 

CYCLE 


Figures  (Appendix) 

9A 

9B 

90 

Air-fuel  Ratio 

31 

SI 

31 

Combustion  Chamber  Mass 

0,900 

0,653 

0.723 

Specific  Fuel  Consumption 

1,754 

2,175 

1,934 

Mass  Flow  per  sec./aq.  ft. 

58,93 

24,98 

30.81 

Thrust  per  sq.  In. 

17.90 

9,27 

12.84 

Adiabatic  Compression  Efficiency 

0.91 

0,31 

0,53 

Thrust  Coefficient 

1,218 

0.631 

0.873 

Mass  Flow  Coefficient 

0,456 

0,292 

0,361 

Overall  Efficiency 

0.099 

0,080 

0,090 

2,005 


0,535 


Entropy  Rise  Prior  to  Hammer  Comp. 

0 

0,238 

0,491 

Entropy  Rise  Due  to  Hammer  Comp. 

0,044 

0.113 

0,115 

0,108 

Entropy  Rise  Due  to  Heat  Addition 

5,010 

2,795 

2,917 

2.826 

Total  Entropy  of  Cycle 

3.054 

3,447 

3,279 

3,425 

Pressure  Before  Heat  Addition 

2,334 

1,694 

1,856 

1 699 

Pressure  After  Heat  Addition 

12.596 

8,090 

9.564 

8,227 

Temperature  Before  Heat  Addition 

1,296 

1.510 

1.378 

1.484 

Temperature  After  Heat  Addition 

6.997 

7,215 

7.080 

7.186 
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CONFIDENTIAL 


TABLE  13 

CONSTAKT  VOLUME  COMBUSTION,  Mi  = 0.95 


PERFORMANCE  BASED  ON 

CHARACTERISTIC  CYCLE  ANALYSIS 

FIRST 

CYCLE 

SECOND 

CYCLE 

THIRD 

CYCLE 

FOURTH 

CYCLE 

Figures  (Appendix) 

lOA 

lOB 

IOC 

IOC 

Air-fuel  Ratio 

31 

51 

31 

31 

Coebuetion  Chaeber  Maes 

1.116 

0.674 

0.862 

0.762 

Specific  Fuel  Consuaiption 

2.086 

2.200 

2e065 

Mass  Flow  per  see./eq.  ft. 

50.17 

29.82 

40.80 

Thrust  per  eq.  in. 

19.40 

10,93 

15.93 

0.85 

0,339 

0.567 

0.426 

Thrust  Coefficient 

1.320 

0.744 

1.084 

Hass  Flow  Coefficient 

0.587 

0.349 

0.478 

Overall  Efficiency 

0.122 

0.116 

0.123 

Entropy  Rise  Prior  to  Haasier  Coiap, 

0 

0.718 

0.287 

0.450 

Entropy  Rise  Due  to  HaeMer  Coep, 

0,119 

0.094 

0.100 

0.175  , 

Entropy  Rise  Due  to  Heat  Addition 

2.826 

2.608 

2.803 

2.687 

Total  Entropy  of  Cycle 

2.945 

3.420 

3.190 

3.312 

Pressure  Before  Heat  Addition 

3,290 

2.148 

2.394 

2.297 

Proisura  After  Heat  Addition 

16.018 

9.264 

11.501 

10.337 

Temperature  Before  Heat  Addition 

1,474 

1.721 

1.499 

1.629 

Teaperature  After  Heat  Addition 

7.176 

7.423 

7.201 

7.531 

Cycle  Time 

1.900 

1.930 

1.805 

CoMbustion  Chamber  Length 

0,500 

0.540 

0.540 

0.540 
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Cycles  were  also  constructed  assuming  gradual  heat  addition.  Tables  1 '■ 
and  15  For  the  study  at  M = 0.35,  it  was  assumed  that  the  exit  was  slightly 
constricted  in  the  initial  cycle  before  heat  addition.  This  assumption  resulted 
in  a reduced  pressure  and  flow  condition  prior  to  heat  addition  which  led  to  a 
more  rapid  cyclic  condition.  Since  the  combustion  chamber  length  was  selected 
as  0,60  in  succeeding  cycles,  a mixture  of  fresh  gas  and  air  that  had  previously 
incurred  an  entropy  penalty  due  to  shock  passage  was  obtained  in  the  combustion 
chamber.  Carrying  out  the  usual  averaging  process  to  obtain  the  new  cycle  con- 
ditions resulted  in  a lower  overall  entropy  rise  and  a resultant  higher  compres- 
sion efficiency.  This  yielded  a specific  fuel  consumption  value  of  1,8  as  opposed 
to  1.93  for  the  case  of  constant  volume  combustion.  The  heat-addition  assiunption, 
for  the  low  initial  entropy  level,  resulted  in  pressure  increases  during  the  heat- 
addition  process  of  the  same  order  of  magnitude  achieved  for  the  constant  volume 
combustion  picture,  5-6  atmospheres. 

The  performance  study  at  M =>  assuming  gradual  heat  addition  was 

carried  out  assuming  that  only  air  from  the  previous  cycle  was  included  in  the 
combustion  region  for  the  succeeding  cycle.  Fig,  12,  Table  15,  For  this  case, 
also,  the  resultant  specific  fuel  consumption  value,  2,0,  was  slightly  larger 
than  the  specific  fuel  consumption  for  M ■ 0,65, 

It  may  be  concluded  that  the  optimum  performance  for  this  cycle  at  M ■ 0.65 
lies  between  the  specific  fuel  consumption  limits  1,3  and  1,9,  a-'d,  because  of  the 
reduced  shock  losses,  indicates  an  appreciable  gain  in  performance  over  that  of 
the  quarter-length  cycle. 

It  was  observed  during  these  studies  that  the  amount  of  fresh  air  admitted 
into  the  combustion  region  with  the  air  that  had  previously  incurred  an  entropy 
penalty  due  to  shock  passage  could  appreciably  alter  the  cycle  results.  The 
calculations  for  the  third  cycle  Table  13  were  repeated,  including  only  the  air 
that  had  undergone  the  shock  passage,  Fig.  14 A.,  Table  17.  The  specific  fuel 
consumption  in  the  approximately  cyclic  condition  Increased  from  2.1,  Table  13 
to  2.3,  Table  17.  “29- 
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TABLE  14 

GRADUAL  HEAT  ADDITION,  Mi^.65 
Initial  Constriction  at  Exit  = 0o70 

Exit  Completely  Open  in  Succeeding  Cycles 


PERFORMANCE  BASED  ON 

CHARACTERISTIC  CYCLE  ANALYSIS 

FIRST 

CYCLE 

SECOND 

CYCLE 

THIRD 

CYCLE 

FOURTH 

CYCLE 

Figure*  (Appendix) 

llA 

IIB 

no 

lie 

Air-fuel  Ratio 

31 

31 

31 

31 

Combustion  Chamber  Mass 

0.988 

0,937 

0.P86 

0.969 

Specific  Fuel  Consumption 

1.881 

1,855 

1.807 

Hass  Flow  per  sec>/sq*  ft. 

33.63 

29.53 

32.40 

Thrust  per  sq.  in. 

14.42 

12.84 

14,46 

Adiabatic  Compression  Efficiency 

0.98 

0,78 

0.75 

0.81 

Thrust  Coefficient 

0.981 

0.873 

0.984 

Mass  Flow  Coefficient 

0.394 

0.346 

0.379 

Overall  Efficiency 

0.095 

0,094 

0.096 

Entropy  Rise  Prior  to  Hammer  Comp. 

0 

0.667 

0.107 

0.083 

Entropy  Rise  Due  to  Hammer  Comp. 

0.010 

0.055 

0.050 

0.026 

Entropy  Rise  Due  to  Heat  Addition 

3.274 

5.108 

3.017 

Total  Entropy  of  Cycle 

3.284 

5.230 

3.173 

Pressure  Before  Heat  Addition 

2,021 

1,998 

2.189 

2.082 

Pressure  After  Heat  Addition 

11.991 

11.486 

12.185 

Temperature  Before  Heat  Addition 

1,228 

1,280 

1.332 

1.289 

Temperature  After  Heat  Addition 

7,256 

7.312 

7,268 

Cycle  Time 

2.510 

. 

2.710 

2.60 

Combyetlon  Chamber  Length 

0.60 



0.60 

0.60 

0.60 
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TABLE  15 

GFvADUAL  HEAT  ADDITION, 


PERFORMANCE  BASED  ON 
character  1ST  I C CYCLE  ANALYSIS 


Figures  (Appendix) 


Alr-fuel  Ratio 


Combustion  Chamber  Mass 


Specific  Fuel  Consumption 


Hass  Flow  per  seci/sq.  ft. 


Thrust  per  aq.  In. 


Adiabatic  Compression  Efficiency 


Thrust  Coefficient 


Mass  Flow  Coefficient 


Overall  Efficiency 


12A 


31 


1.116 


1.932 


51.13 


21.34 


0,855 


1.452 


0,599 


0.132 


12B 


51 


0,816 


1,892 


39.96 


17.05 


0.478 


1.159 


0.468 


0.135 


THIRD 

CYCLE 


12C 


31 


0.828 


1.983 


39.40 


16.02 


0.568 


1.090 


0.461 


0.128 


FOURTH 
LE 


12C 


31 


0.772 


Entropy  Rise  Prior  to  Hammer  Comp. 

0 

0.376 

0.220 

Entropy  Rise  Due  to  Hammer  Comp. 

0.119 

0.150 

0.170 

Entropy  Rise  Due  to  Heat  Addition 

2.910 

2.767 

2.932 

Total  Entropy  of  Cycle 

3.029 

3.293 

3.222 

Pressure  Before  Heat  Addition 

3.290 

2,331 

2.419 

Pressure  After  Heat  Addition 

13.857 

11.131 

11.405 

Temperature  Before  Heat  Addition 

1,474 

1.572 

1.505 

Temperature  After  Heat  Addition 

7.118 

7.431 

7.274 

Cycle  Time 

1.865 

1.745 

1.795 

Combustion  Chamber  Length 

0.50 

0.55 

0.515 

i 

0.205 


0.197 


2.304 


1.491 
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TABLE  16 

CONSTANT  VOLUME  COMBUSTION.  M 


PERFORMANCE  BASED  OH 
CHARACTERISTIC  CYCLE  ANALYSIS 


Figures  (Appendix) 


Air-fuel  Ratio 


CoMbustlon  Chamber  Mass 


Specific  Fuel  Consumption 


Mass  Flow  per  eec./sg.  ft. 


Thrust  per  sq.  In. 


Adiabatic  Compression  Efficiency 


Thrust  Coefficient 


Hass  Flow  Coefficient 


Overall  Efficiency 


13A 


31 


0.500 


1,872 


17.94 


7.75 


1,000 


0,526 


0.210 


13B 


31 


0.477 


1.949 


28.20 


11.67 


0.516 


0.794 


0.330 
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THIRD 

CYCLE 


13C 


31 


0.557 


1.673 


24.24 


11.69 


0.298 


0.795 


0.284 


Entropy  Rise  Prior  to  Hammer  Comp. 

0 

0.248 

Entropy  Rise  Due  to  Hammer  Comp. 

0 

0 

Entropy  Rise  Due  to  Heat  Addition 

3,392 

3.072 

Total  Entropy  of  Cycle 

3,392 

3.320 

Presaiire  Before  Heat  Addition 

1.000 

1,514 

Presaure  After  Heat  Addition 

6,682 

8.453 

Temperature  Before  Heat  Addition 

1.000 

1.244 

Temperature  After  Heat  Addition 

6.6B2 

6.946 

Cycle  Time 

2.380 

1.445 

Combustion  Chamber  Length 

o 

o 

0 

o 

0.392 

0.599 


0.377 


2.696 


3 


1.796 


3.126 


1,612 


7.294 


1.962 


0.500 


13C 


51 


0.441 


0.849 


0.042 


2.785 


3.676 


1.222 


5.811 


1,512 


7.194 


0.546 
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TABLE  17 

CONSTANT  VOLUME  COMBUSTION.  M 


PERFORMANCE  BASED  ON 
CHARACTERISTIC  CYCLE  ANALYSIS 


Fifiures  (Appendix} 


Air-fuel  Ratio 


Conbustion  Chamber  Maas 


Specific  Fuel  Consumption 


Hass  Flow  par  sec./sq.  ft. 


Thrust  per  sq.  In. 


Adiabatic  Compression  Efficiency 


Thrust  Coefficient 


Hass  Flow  Coefficient 


Overall  Efficiency 


RST 

SE 

CLE 

CY 

lOA 


31 


1.116 


2.086 


50.17 


19.40 


0. 


1,320 


0,587 


0.122 


Entropy  Rise  Prior  to  Hammer  Comp.  q 


Entropy  Rise  Due  to  Hammer  Comp.  0,119 


Entropy  Rise  Due  to  Heat  Addition 


Total  Entropy  of  Cycle 


Pressure  Before  Heat  Addition 


Preeaura  After  Heat  Addition 


Temperature  Before  Heat  Addition  1.474 


Temperature  After  Heat  Addition 


Cycle  Time 


Combustion  Chamber  Leneth 


lOB 


31 


0.674 


2.200 


31.29 


THIRD 

CYCLE 


14A 


31 


0.732 


2.303 


36,46 


12.77 


31 


0.872 


0 

0,718 

0.326 

0,119 

0.094 

0.107 

2.826 

2.608 

2.797 

2.945 

3.420 

3.250 

3.290 

2.148 

2.334 

16.013 

9.264 

11.120 

1,474 

1.721 

1.514 

7.176 

7.423 

7.216 

1,900 

1.840 

1.715 

0,50 

0.540 

0,475 

0.445 


0.143 


2.708 


'3.296 


2,346 


10.563 


1.628 


7.330 


0.605 
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Studies  were  also  carried  out  at  K « 0 assuming  constant  volume  combustion. 
Table  16,  Figs.  13A  to  13Co  Periodic  conditions  were  approached  much  more  slowly 
in  this  cycle  as  the  degree  of  scavenging  varied  greatly  from  cycle  to  cycle. 
Although  a specific  fuel  consumption  value  of  1,7  was  obtained  in  the  third  cycle, 
the  initial  and  fourth  cycle  conditions  indicated  that  the  resultant  performance 
would  be  much  less  than  that  obtained  in  either  of  the  first  three  cycles,  since 
complete  scavenging  of  the  burned  gas  could  not  be  obtained  in  a single  cycle. 

For  this  configuration  with  the  half-length  combustion  chamber,  the  final 
compression  level  prior  to  the  heat-addition  process  was  intermediate  between  the 
ideal  ram  pressure  recovery  level  and  the  ideal  hammer  recovery  pressure  level. 
Although  the  cycle  time  for  the  half-length  combustion  cycle  was  in  general  of  the 
order  of  twice  the  length  of  the  quarter  cycle,  the  indicated  thrust,  in  lbs,/sq,in, 
was  much  larger  for  the  half-length  cycles,  as  shown  in  Table  18, 

TABLE  18 

VARIATION  IN  SPECIFIC  THRUST  WITH  COMBUSTION  CHAMBER  VOLUME 


Cycle 

Mach 

Number 

Thrust 

Lbs ,/Sq.In, 

Heat  Addition  Mode 

Cycle 

Quarter- length 

0,65 

11.21; 

Constant  volume 

i 

3 

Half-length 

0.65 

12.81; 

Constant  volume 

3 

Quarter-length 

0.65 

6.17 

Gradual  heat  addition 

3 

Half-length 

0,65 

li;.l;6 

Gradual  heat  addition 

3 

In  order  to  determine  the  effect  of  change  in  fuel-air  ratio,  the  following 
cycles  were  in.estigated  for  air-fuel  ratios  of  $6  fco  Is 

TABLE  19 

HAIF-LENQTH  COMBUSTION  CHAMBER 


Table 

Figures 

(Appendix) 

f/a 

Mach 

Number 

Combustion  Mode 

No,  Cycles 
Investigated 

- H 

20 

15A,15B,15C 

1/56 

0.65 

Constant  volume 

3 

21 

16a,16b,16c 

1/56 

0.55 

Constant  volume 

3 

22 

17.A,17B,17p 

l/56 

0,65 

Gradual  heat  addition 

3 
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It  was  observed  that  when  the  combustion  chamber  length  was  held  fixed,  the 
resultant  specific  fuel  con8urf^)tion  values  were  slightly  lower  than  those  obtained 
for  the  air-fuel  ratio  31  to  1.  These  results  are,  however,  not  of  great  signifi- 
cance, since  for  lean  air-fuel  ratios,  the  pressure  rise  during  the  combustion 
process,  as  well  as  the  amount  of  fresh  gas  included  in  the  combustion  ohamber  In 
succeeding  cycles, varies.  To  determine  the  effect  of  change  in  air-fuel  ratio 
alone,  the  3z'd  cycle,  M ■ 0.65,  Table  20,  was  reconstructed,  Inelwiing  only  the 
air  from  the  previous  cycle  that  had  suffered  an  entropy  penalty.  This  resulted, 
Table  23,  In  a reduction  in  the  combustion  chamber  length  and  an  Increase  in  spec- 
ific fuel  consumption  for  the  3rd  cycle  from  1,8  to  2.6,  Fig.  18A.  It  is  apparent 
from  this  study  that  the  relative  combustion  chamber  length  is  much  more  important 

■ » Mi  - . ■ 

a factoid  in  determining  the  overall  performance  than  the  air-fuel  ratio. 

Since  the  compression  ratio'  prior  to  the  heat-addition  process  for  the  half- 
length  combustion  cycle  was  found  to  be  nearly  equal  to  that  for  hammer  coit^sreasion 
at  the  corresponding  Mach  number,  the  resultant  performance  sho\ild  approach  that  for 

3 

the  hammer  compression  engine  suggested  by  R.  Weatherston  of  this  Laboratory  , In, 

the  hammer  compression  cycle,  t>he  complete  tube  volume  Is  assumed  to  be  burned  at 

,1 

constant  volume  and  completely  scavenged  In  one  cycle.  The  masdmum  compression 
is  assumed  to  be  that  of  hammer  compression  at  the  corresponding  Mach  number. 

Since  the  study  at  M > 0 for  the  half-length  cycle,  Fig,  13,  indicated  that  complete 
scavenging  of  one-half  the  tube  could  not  be  obtained  at  M > 0,  this  engine  would 
not  operate  In  the  static  condition.  The  calculation  of  a hammer  compression  cycle 
at  M ■ 0,65,  f/a  ■ 1/31,  Fig,  19A  indicated  that  complete  scavenging  could  be 
achieved  and  that  hammer  compression  equivalent  to  that  occurring  at  the  corres- 
ponding flight  Mach  number  could  be  obtained.  The  first  cycle  condition.  Table  2U, 
with  an  adiabatic  con^resslon  efficiency  of  0,?1  and  a specific  fuel  consunption 
of  1,8,  consequently  corresponded  to  the  periodic  condition.  This  specific  fuel 
consumption  value  is  somewhat  better  than  that  obtained  for  the  corresponding  half- 

tube  combustion  configuration,  2,0,  Table  12,  The  gradual  heat  addition  assumption 
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TABLE  20 

CONSTANT  VOLUME  COMBUSTION,  Mi=  0.65 


PERFORMANCE  BASED  ON 

FIRST 

SECOND 

THIRD 

FOURTH 

CHARACTERISTIC  CYCLE  ANALYSIS 

CYCLE 

CYCLE 

CYCLE 

CYCLE 

Figurta  (Appendix) 

15A 

15B 

15C 

15C 

Air-fuel  Ratio 

56 

56 

56 

56 

CoMbuation  Chamber  Haas 

0..900 

0.732 

0.824 

0.805 

Specific  Fuel  Consumption 

1.638 

2,184 

1,763 

Mass  Flow  per  seci/aq.  ft. 

35,73 

26.76 

29.38 

Thrust  per  sq.  in. 

9.74 

5,47 

7.44 

Adiabatic  Compression  Efficiency 

0.927 

. 

0.445 

0.630 

0.581 

Thrust  Coefficient 

0.663  ■ 

0.372 

0.506 

Mass  Flow  Cc, efficient 

0.418 

0.513 

0.344 

Overall  Efficiency 

0,106 

0,080 

0.099 

Entropy  Rise  Prior  to  Hammer  .Comp. 

0 

0.301 

0.155 

0.191 

Entropy  Rise  Due  to  Hammer  Comp. 

0.043 

0,115 

0,070 

0.077 

Entropy  Rise  Due  to  Heat  Addition 

2.190 

2,112 

2.187 

2,168 

Total  Entropy  of  Cycle 

2.233 

2.528 

2.410 

2.436 

Pressure  Before  Heat  Addition 

2,333 

1.731 

1.830 

1.816 

Praasure  After  Heat  Addition 

7,973 

5,646 

6,232 

6.116 

Temperature  Before  Heat  Addition 

1,296 

1,382 

1.299 

1,320 

Temperature  After  Heat  Addition 

4.420 

4.507 

4.424 

4.445 

Cycle  Time 

2,152 

2,335 

2,395 

Combustion  Chamber  Length 

0.500 

0.685 

Oo  ooo 

0.585 

36  - 

CONFIDENTIAL 


CONFIDENTIAL 


TABLE  21 

CONSTANT  VOLUME  COMBUSTION.  M 


PERFORMANCE  BASED  ON 
CHARACTERISTIC  CYCLE  ANALYSIS 


Figures  (Appendix) 


Air-fuel  Ratio 


Coebustion  Cliiamber  Hass 


RpeoiflcFuel  Consuiiption 


Hass  Flow  per  seo./sq.  ft. 


Thrust  per  sq.  In. 


Adiabatic  CCMpresslon  Effieleney 


Thrust  Coefficient 


Mass  Flow  Coefficient 


Cverall,  Efflolsnoif 


Entropy  Rise  Prior  to  Hamser  Coep. 


..Entropy  Rise  Due  to  Haaeer  CoMp. 


Entropy  Rise  Due  to  Heat  Addition 


Total  Entropy  of  Cycle 


Pressure  Before  Heat  Addition 


Pressure  After  Heat  Addition 


Teiperature  Before  Heat  Addition 


Teiporature  After  Heat  Addition 


Cycle  Tion 


CoMbustion  ChaRber  Length 


R8T 

SE 

CLE 

CY 

loiie 


1„781 


48.52 


12.16 


0.827 


0.568 


0,145 


0,119 


2, 058 


2,157 


5,290 


10,299 


1,474 


4.614 


1,965 


0.500 


1.945 


2,498 


2,515 


6,875 


1.587 


4,712 


2,090 


0,585 


THIRD 

F 

CYCLE 

C 

0,192 


0,155 


2,040 


2.568 


2,597 


7.518 


1,465 


4,588 


2,005 


0,586 


16B 

16C 

56 

56 

0.854 

0,958 

1.975 

34.91 

40,83 

7,89 

9.55 

0,462 

0.613 

0,557 

0.650 

0.409 

; 0.478' 

0,129 

0.135 

0.924 


2,058 


2.594 


2,314 


7,249 


1,465 


4.589 


0.585 
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TABLE  22 

GRADUAL  HEAT  ADDITION ,Mi=0„ 65 


PERFORMANCE  BASED  ON 
CHARACTERISTIC  CYCLE  ANALYSIS 


Figures  (Appendix) 


Air-fuel  Ratio 


CoMbustion  Chamber  Nasa 


Specific  Fuel  Consumption 


Hass  Flow  per  sec./sq.  ft. 


Thrust  per  sq. 


Adiabatic  Compression  Efficiency 


Thrust  Coefficient 


Mass  Flow  Coefficient 


Overall  Efficiency 


17A 


56 


0»900 


lo568 


39„34 


11,20 


17B 


56 


0u746 


1.818 


32.26 


7.92 


THIRD 

CYCLE 


17  C 


56 


0.577 


2,130 


27.00 


5i66 


17C 


56 


0.849 


0.93 

0.54 

0,53 

0,762 

0,539 

0,385 

0.461 

0.378 

0,316 

0,111 

0,096 

0,032 

Entropy  Rise  Prior  to  Hammer  Comp. 

0 

0,128 

0,112 

Entropy  Rise  Due  to  Hammer  Comp. 

0,044 

0,178 

0,163 

Entropy  Rise  Due  to  Heat  Addition 

2,261 

2,193 

2,229 

Total  Entropy  of  Cycle 

2,305 

2,504 

Pressure  Before  Heat  Addition 

2,530 

1.796 

1-651 

Pressure  After  Heat  Addition 

7.863 

6.896 

6,052 

Temperature  Before  Heat  Addl'Mon 

1.295 

1..335 

1,288 

Temperature  After  Heat  Addition 

4,533 

4,718 

4,554  1 

1 

Cycle  Time 

1,955 

1.975 

1.825 

Combustion  Chamber  Length 

0,500 

0.555 

0,450 

0,.155 


0.290 


1,990 


1.454 


0.620 
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TABLE  23 

CONSTANT  VOLUMF  COMBUSTION, 


PERFORMANCE  BASED  ON 
CHARACTERISTIC  CYCLE  ANALYSIS 


I 


RST 

SE 

OLE 

CY 

Fiauret  (Appendix) 

15A 

15B 

18A 

Alr=fuel  Ratio 

56  . 

56 

56 

CoMbustion  Chamber  Hass 

0..900 

0,732 

0.584 

Specific  Fuei  Consumption 

2,184 

2,582 

1 

Mass  Flow  per  sac./sq.  ft. 

1 

35,75 

29.09 

26,74 

Thrust  per  sq.  in. 

9,74 

5,47 

4,62 

Adiabatic  Compression  Efficiency 

0,445 

0,506 

Thrust  Coefficient 

0,663 

0,372 

0,314 

Hass  Flow  Coefficient 

0,418'' 

0,313 

0,513 

Overall  Efficiency 

0,106 

0,080 

} 

0,067 
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56 


Oo767 


0o400 


Entropy  Rise  Prior  to  Hammer  Comp. 

0 

0,301 

0,226 

Entropy  Rise  Due  to  Hammer  Comp. 

0,043 

0,115 

0,090 

Entropy  Rise  Due  to  Heat  Addition 

2,190 

2,112 

2,171 

Total  Entropy  of  Cycle 

2,233 

2,528 

2,488 

Pressure  Hafore  Heat  Addition 

2.333 

1,731 

1,683 

Pressure  After  Heat  Addition 

. 7,973 

5,646 

6,677 

Temperature  Before  Heat  Addition 

1,296 

1.382 

1.317 

Temperature  After  Heat  Addition 

4,420 

4,507 

4,442 

Cycle  Time 

2,152 

2,150 

1,865 

Combustion  Chamber  Length 

0,50 

0,585 

0,457  i 

. — ■ 1 1 

0.275 


0,242 


2.050 


2,567 


1.791 


5.644 


1 = 452 


4,578 


0,622 
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TABLE  24 

CONSTANT  VOLUME  COMBUSTION, Mi=0. 65 


PERFORMANCE  BASED  ON 
CHARACTERISTIC  CYCLE  ANALYSIS 

Figure  (Appendix) 

Air-fuel  Ratio 

Combustion  Chamber  Haas 

Specific  Fuel  Consumption 

Mass  Fiow  per  sec. /eg.  fti 


FIRST 

SECOND 

CYCLE 

CYCLE 

19A 

19A 

51 

31 

loSOO 

loSOO 

lo807 

40o45 


Entropy  Rise  Prior  tb  HamiAer  Compression 

0 

0.006 

Entropy  Rise  Due  to  Hammer  Compression 

0o044 

0.044 

Entropy  Rise  Due  to  Heat  Addition 

3.010 

3.010 

Total  Entropy  of  Cycle 

3.054 

3.054 

Pressure  Before  Heat  Addition 

2.334 

pressure  After  Heat  Addition 

12.588 

12.588 

Temperature  Before  Heat  Addition 

1.296 

imgiii 

Temperature  After  Heat  Addition 

6.996 

6.996 

Cycle  Time 

3.800 

Total  Hass 

Combustion  Chamber  Length 

1.00 

1.00 
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for  the  half -tube  cycle,  however,  yields  approximately  the  same  performance  as  the 
hammer  cycle.  Table  12 » The  ma;jor  objections  to  the  use  of  the  hammer  cycle  may 
be  in  the  actual  achievement  of  rapid  volume  combustion  and  the  relative  long  period 
of  tine  required  for  complete  scavenging.  The  total  cycle  time  is  approximately 
twice  that  of  the  corresponding  half-tube  cycle  and  fovr  times  that  of  the  corres- 
ponding quarter-tube  cycle. 

During  the  characteristic  studies,  it  was  observed  that  a very  high  pressure 
region  was  created  upon  reflection  of  the  reinforced  hammer  shock  at  the  inlet  valve, 
Fig.IVo  For  example,  from  Table  2,  Fig.  lA,  with  an  initial  pressure  of  2.33  atmos- 
pheres before  heat  addition  and  a U atmosphere  pressure  rise  during  combustion,  a 
pressure  of  10  atmospheres  was  obtained  after  the  shock  reflection  at  the  inlet  valve. 
This  pressure  was  obtained  with  a compression  efficiency  of  78  percent.  H.R.  Lawrence 
and  J.  0.  Logan  of  this  Laboratory  suggested  that,  heat  addition  at  this  point  might 
lead  to  improved  perfomance,  since  a portion  of  the  air  in  the  tube  would  be  burned 
at  relatively  high  pressures  and  that  the  compression  would  occur  with  reasonable 
efficiency.  The  basic  characteristics  of  this  cycle  are  indicated  in  Fig,  IV. 


Inlet 
Valve  — > 
Closed 


Combustion 

Fig.  17 

Typical  Cycle  Configuration  with  Secondary  Combustion 
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Aftor  completion  of  the  combustion  at  (1)  the  exit  valve,  fuel  would  be 
injected  at  a point  adjacent  to  the  inlet  valve  (2)  after  the  shock  reflection. 
The  various  configurations  studied  are  summarized  in  Table  20. 

TABIfl  20 

SECOMDARY  CCMBUSTIOK  CYCIfiS 
M - 0.60 


Figures 

(Appendix) 

f/a 

% Mass  in 
T\ibe  Burned 

Table 

(1) 

(2) 

(1) 

(2) 

Total 

Combustion  Model 

20A 

1/31 

1/31 

38 

61 

100 

Constant  volume  combustion 

27 

21A 

1/31 

1/31 

29 

29 

58 

Constant  volume  combustion 

28 

22A 

1/31 

1/31 

31 

31 

62 

Qradual  heat  addition 

29 

23A 

1/06 

1/56 

00 

U0 

100 

Gradual  heat  addition 

30 

2hA 

1/06 

1/06 

00 

U0 

100 

Constant  volume  combustion 

31 

20A 

1/06 

1/06 

23 

77 

100 

Constant  volume  combustion 

32 

26a 

1/li* 

1/06 

2U 

76 

100 

Constant  volume  combustion 

During  the  calculation  of  the  cycles,  it  was  observed  that  the  esgiansion  waves 
generated  at  the  exit  due  to  the  opening  of  the  rear  valve  could  exert  an  appreciable 
effect  upon  the  pressures  obtained  at  the  inlet  with  respect  to  both  the  duration  of 
the  pressure  level  a'  i the  magnitude.  For  example,  during  the  gradual  heat  addition 
calculation,  Table  28,  Fig.  22A,  the  pressure  dropped  from  10  atmospheres  before 
heat  addition  to  6 atmospheres  after  heat  addition.  Even  so,  the  resulting  specific 
fuel  consumption  value  of  1.6  was  superior  to  the  value  1.8  obtained  with  the  half- 
tube cycle.  Table  lU.  This  may  have  been  due,  however,  x>o  the  presence  of  unbumed 
cold  air  in  the  tube  which  was  exhausted  at  a high  v^Hoclty  leading  to  a form  of 
augmentation. 
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TABLE  26 

CONSTANT  VOLUME  COMBUSTION,  M 

Double  Burning 


PERFORMANCE  BASED  ON  CHARACTERISTIC 

CYCLE  ANALYSIS 

FIRST 

COMBUSTION 

1 

SECOND 

COMBUSTION 

II 

Figure  (Appendix) 

20A 

20A 

Alr-fual  Ratio 

31 

31 

Combustion  Chamber  Maas 

0„6S0 

0,996 

Specific  Fuel  Consumption 

2o 

111 

Mass  Flow  per  sec./sq.  ft. 

45 

.47 

^ Thrust  per  aq.  in. 

16 

.60 

Adiabatic  Compression  Efficiency 

0.910 

0,676 

Thrust  Coefficient 

1, 

129 

Mass  Flow  Coefficient 

0. 

509 

Overall  Efficiency 

0. 

083 

■ ' 

Entropy  Rise  Prior  to  Hammer  Compression 

0 

0.495 

Entropy  Rise  Due  to  Hammer  Compression 

0.045 

0,067 

Entropy  Rise  Due  to  Heat  Addition 

5.011 

2.059 

Total  Entropy  of  Cycle 

5.054 

2.621 

Pressure  Before  Heat  Addition 

2.350 

13.443 

Pressure  After  Heat  Addition 

12.594 

42,578 

Temperature  Before  Heat  Addition 

1.295 

2.631 

Temperature  After  Heat  Addition 

6,996 

a.  332 

Cycle  Time 

5,195 

Total  Mass 

1,626 

Combustion  Chamber  Length 

0.550 

0,195 
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TABLE  27 

CONSTANT  VOLUME  COMBUSTION,  Mi  ' 065 
Double  Burning 


PERFORMANCE  BASED  ON  CHARACTERISTIC 

CYCLE  ANALYSIS 

FIRST 

COMBUSTION 

1 

SECOND 

COMBUSTION 

11 

Figure  (Appendix) 

niA 

21A 

Air-fuel  Ratio 

31 

31 

Conbustion  Chamber  Maes 

0„450 

^ 0o450 

Specif.ic  Fuel  Consumption 

1»625 

Mass  Flow  per  seci/aq.  ft. 

26„19 

Thrust  per  sq.  in. 

I3o00 

Adiabatic  Compression  Efficiency 

0u310 

0,678 

Thrust  Coefficient 

o 

B4 

Hass  Flow  Coefficient 

OnSb? 

■ 

Overall  Efficiency 

0«1 

37 

; 

Entropy  Rise  Prior  to  Hammer  Compression 

0 

0.495 

Entropy  Rise  Due  to  Hammer  Compression 

0„044  ■' 

0.070 

Entropy  Rise  Due  to  Heat  Addition 

5»010 

2,037 

Total  Entropy  of  Cycle 

3»054 

2,602 

Preasura  Before  Heat  Addition 

' 2.334 

14.266 

Pressure  After  Heat  Addition 

12.600 

44.630 

Temperature  Before  Heat  Addition 

1.295 

2.679 

Temperature  After  Heat  Addition 

6.996 

8,381 

Cycle  Time 

2.935 

Total  Hass 

1.575 

Combustion  Chamber  Length 

0.250 

r~ 

0.085 
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TABLE  28 

CONSTANT  VOLUME  COMBUSTION,  - 0.65 
Double  Burning 


I 


PERFORMANCE  BASED  ON  CHARACTERISTIC 

CYCLE  ANALYSIS 

FIRST 

COMBUSTION 

1 

SECOND 

COMBUSTION 

II 

Figure  (Appendix) 

22A 

22A 

Air-fuel  Ratio 

51 

31 

Combustion  Chamber  Maas 

0 = 450 

0,450 

Specific  Fuel  Consumption 

1=601 

Hass  Flow  per  see./sq.  ft. 

'25=48 

Thrust  per  sq.  in^ 

11=83 

1 

Adiabatic  Compraaslon  Efficiency 

0 = 910 

0 = 761 

Thrust  Coeff loient 

0 = 805 

Mass  Flow  Coefficient 

0 = 2' 

’5 

Overall  Efficiency 

0 = 109 

Entropy  Rise  Prior  to  Hammer  Compress|ion 

0 

0.306 

■ ■ i 

Entropy  Rise  Due  to  Hammer  Compression 

0=044 

0=052 

Entropy  Rise  Due  to  Heat  Addition 

5 = 170 

2 = 742 

Total  Entropy  of  Cycle 

3 = 214 

3=100 

Pressure  Before  Heat  Addition 

2 = 354 

10=548 

Pressure  After  Heat  Addition 

7=295 

5 = 858 

Temperature  Before  Heat  Addition 

1=296 

2 = 262 

Temperature  After  Heat  Addition 

6.408 

5 = 726 

Cycl e Time 

5=275 

Total  Mass 

1„4B0 

Combustion  Chamber  Length 

0=250 

0 = 100 
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PERFORMANCE  BASED  ON  CHARACTERISTIC 

FIRST 

SECOND 

CYCLE  ANALYSIS 

COMBUSTION 

1 

COMBUSTION 

N 

Entropy  RIso  Prior  to  Hommer  Conprassion 


Entropy  Rite  Due  to  Hammer  Compression 


Entropy  Rise  Due  to  Heat  Addition 


Total  Entropy  of  Cycle 


Pres-sure  Before  Heat  Addition 


Pressure  After  Heat  Addition 


Temperature  Before  Heat  Addition 


Temperature  After  Heat  Addition 


Cycle  Time 


Total  Mass 


Combustion  Chamber  Length 


Figure  (Appendix) 

23A 

23A 

Air-fuel  Ratio 

56 

56 

Combustion  Chamber  Mass 

0.900 

0.751 

Specific  Fuel  Consumption 

1 

1.681 

Hass  Flow  per  sec. /sg.  ft. 

S9.08 

Thrust  per  sq.  in. 

10.38 

Adiabatic  Compression  Efficiency 

0.930 

0.855 

Thrust  Coefficient 

1 

0.706 

Hats  'Flow  Coefficient 

0.457 

Overall  Efficiency 

0.104 

1 

2„261 


2.3 


2.330 


7.863 


1.296 


4.553 


3.610 


1.,6e1l 


0.500 
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0.115 


0.013 


2.003 


2.131 


9,630 


5.83 


2,065 


3.881 


0.160 
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Studies  of  the  constant  volume  cycle  were  made  with  all  of  the  gas  mass 
being  burned  d\irlng  the  cycle  in  the  first  and  second  burning  periods,  and  with 
only  a part  of  the  total  mass  being  consumed.  As  the  heat  addition  process  in 
the  second  region  occurred  in  each  c'se  at  approximately  the  same  pressures,  a 
direct  comparison  of  the  augmentation  effect  could  be  obtained.  The  results 
for  the  cycle  with  exhaust  of  cold  air  indicated  a lower  specific  fuel  consun^- 
tion,  1«^3»  Table  27 j Figo  21A,  than  for  the  case  of  combustion  of  all  the  enclosed 
air  mass,  1«98,  Table  26,  Fig*  20Aa  It  is  Interesting  to  note  that  the  specific 
fuel  consumption  for  the  hammer  cycle  1«8,  Table  2ks  vas  somewhat  less  than  the 
specific  fuel  consumption  value  obtained  in  Table  26.  The  presence  of  the  strong 

.J 

shocks  due  to  the  constant  volume  combuaiiion  assumption  may  have  contributed  to 
the  somewhat  higher  specific . fuel  consuoQJtlon  value  obtained.  It  can  be  seen  from 
Figo  20A  that  the  strong  shock  generated  durlxig  the  second  combustion  period  as  a 
result  of  the  assumed  constant  volume  combustion  mode  results  in  an  appreciable 
entropy  rise  cf  the  gas  through  idilch  it  passes  before  reaching  the  exit  valve. 

The  entropy  of  the  gas  encountering  the  shook  was  increased  from  3.0^U  to  3a28l. 

It  is  this  gas  mass  that  generates  the  ma^jor  portion  of  the  impulse.  On  the  other 
hand,  because  of  slow  build-up  of  the  shock  with  the  gradual-heat- addition  assun^- 
tion,  Table  29,  no  significant  entropy  rise  occurred,  Fig,  23A,  as  a result  of  the 
shock  passage.  Since  the  pressure  before  heat  addition  of  9 atmospheres  was 
obtained  at  a oong>re8slon  efficiency  of  86  percent,  and  since  the  gradual  buildup 
in  shook  strength  probably  more  nearly  corresponds  to  the  actual  phenomena,  future 
investigations  of  the  cycle  may  lead  to  much  Improved  performance.  This  is  also 
partially  confirmed  by  the  results  of  constant  volume  calculations  assuming  an 
air-fuel  ratio  of  36  to  1,  for  which  case  considerably  reduced  pressures  after 
heat  addition  were  obtained.  The  use  of  the  relatively  lean  mixtures.  Table  23, 
Figs.  231  to  indicated  that  somewhat  reduced  specific  fuel  consumption 
values  could  be  obtained  if  all  the  gas  was  burned  at  the  same  air-fuel  ratio, 

- 47  - 


CONFIDENTIAL 


CONFIDENTIAL 


the  specific  fuel  consumption  values  varying  between  1.51  and  1,61  for  the  combus- 
tion of  different  relative  volumes,  Tables  50  and  51,  Figs.  24A  and  25A..  When  a 
rich  initial  mixture  was  employed.  Table  52,  Fig..  2GA,  in  order  to  increase  the 
initial  pressure,  no  performance  improvement  was  obtained.  The  specific  fuel 
consumption  value  actvially  increased  from  1«51  to  lo95. 

Since  the  cycle  time  for  these  cycles  varied  from  2.9  to  4„0,  this  engine 
configuration  would  be  subject  to  the  same  objection  as  the  constant  volume  hammer 
cycle,  an  impractically  long  cycle  time.  In  order  to  obtain  an  adequate  basis  for 
comparison  of  this  double-burning  cycle  with  the  constant  volume  hammer  cycle,  it 
would  be  necessary  to  extend  the  hammer  Jet  investigation  to  air-fuel  ratios  of 
56-1.  The  only  case  available  for  comparison  for  the  air-fuel  ratio  51-1  indicates 
th.at  the  addition  of  heat  at  different  periods  to  take  advantage  of  the  possible 
higher  compression  ratios.  Table  28,  yields  a lower  specific  fuel  consumption 
valviei  than  the  addition  of  heat  uniformly  in  a tube,  Table  24. 

I 

I 
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CYCLE  ANALYSIS 

COMBUSTION 

1 

COMBUSTION 

1 1 

Figure  (Appendix) 

24A 

24A 

Air-fuel  Ratio 

1 

56 

56 

\ . 

Combustion  Chamber  Maas 

0<.900 

0.726 

Specific  Fuel  Coneumption 

1„513 

Masa  Flow  per  sec./sq.  ft. 

38.00 

Thru  at  per  aq.  In. 

llo21 

\Adlabatic  Coaipreealon  Efficiency 

0.910 

0,0  790 

Thrtiat  Coefficient 

0.763 

Haaa  Flow. Coefficient 

0.445 

Overall  Efficiency 

0.115 

i 

Entropy  Riae  Prior  to  Hammer  Compreaaion 

0 

0.276 

Entropy  Riae  Due  to  Hammer  Compreaaion 

0.044 

0.025 

Entropy  Riae  Due  to  Heat  Addition 

2.189 

1.594 

Total  Entropy  of  Cycle 

2.235 

1.895 

Preaaure  Before  Heat  Addition 

2.334 

9.830 

Preaeure  After  Heat  Addition 

7.973 

24,006 

Temperature  Before  Heat  Addition 

1.295 

2.167 

Temperature  After  Heat  Addition 

4.413 

5.292 

Cycle  Time 

3.65 

5 

Total  Haaa 

1.626 

Combuatlon  Chamber  Length 

1 

0.500 

0.160 
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TABLE  31 

COMSTAHT  VOLUME  COMBUSTION, 

Double  Burning 


PERFORMANCE  BASED  ON  CHARACTERISTIC 

CYCLE  ANALYSIS 

FIRST 

COMBUSTION 

1 

SECOND 

COMBUSTION 

11 

Figure  (Appendix) 

25A 

25A 

Air-fuel  Ratio 

i 

56 

56 

CoMbustlon  Chamber  Maas 


Specific  Fuel  Coneumption 


Mass  Flow  par  aec>/sq.  ft. 


Thrust  per  sq. 


Adiabatic  Compression  Efficiency 


Thrust  Coefficient 


Hess  Flow  Coefficient 


Overall  Efficiency 


Entropy  Rise  Prior  to  Hammer  Compression 


Entropy  Rise  Due  to  Hammer  Compression'^^ 


Entropy  Rise  Due  to  Heat  Addition 


Total  Entropy  of  Cycle 


Pressure  Sefore  Heat  Addition 


Pressure  After  Heat  Addition 


Temperature  Before  Heat  Addition 


Temperature  After  Heat  Addition 


Cycle  Time 


Total  Hass 


Combustion  Chamber  Length 


0»3S0 


0»910 


1.611 


.'33  >,18 


9.19 


0.625 


0.388 


0.108 


0.044 


2.189 


2.233 


2.334 


7.973 


1.295 


4.418 


4, .050 


1.572 


0,200 


0.701 


0,276 


0.028 


1.919 


2.223 


3.539 


10,364 


1.620 


4.745 


0.555 
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TABLE  32 

CONSTANT  VOLUME  COMBUSTION,  Mi = 0.65 
Double  Burning 


PERFORMANCE  BASED  ON  CHARACTERISTIC 

FIRST 

SECOND 

CYCLE  ANALYSIS 

COMBUSTION 

1 

COMBUSTION 

II 

Figure  (Appendix) 


Air>fuel  Ratio 


CoMbustion  Chcmber  Mase 


Specific  Fuel  Conaumption 


Maes  Flow  per  acct/aq.  ft. 

'1 


Thruat  per  aq>  In. 


Adiabatic  Compresaion  Efficiency 


Thrust  f >ef f ici en t 


Mess  Flow  Coefficient 


Overall  Efficiency 


Entropy  Rise  Prior  to  Hammer  Compression 


Entropy  RIs*.  Due  to  Hammer  Compression 


Entropy  Rise  Due  to  Heat  Addition 


Total  Entropy  of  Cycle 


Pressure  Before  Heat  Addition 


Pressure  After  Heat  Addition 


Temperature  Before  Heat  Addition 


Temperature  After  Heat  Addition 


Cycle  Time 


Total  Hass 


Combustion  Chamber  Length 


26A 


14 


0.560 


0.010 


1.951 


44.03 


17  32 


i.i7a_ 


0.515 


0.089 


0 


0o044 


4.223 


4.267 


2.334 


24.854 


1.296 


13.796 


2,925 


1,507 


0.200 


26A 


56 


1.147 


0.500 


0.950 


0.140 


2.340 


11.187 


22.525 


3.084 


6. .208 


0.315 
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I 

SUMMARY  AMD  CONCLUSIONS 

This  series  of  characteristic  studies  was  undertaken  to  obtain  some  informa- 
tion as  to  the  scavenging  and  compression  processes  occurring  in  intermittent  engines, 

\ 

All  the  studies  were  of  straight-tube  wave  engine  configurations  and  the  wave  phen- 

i 

I omena  established  by  valve  action  was  based  on  the  assumption  of  instantaneous  valve 

i 

I opening  and  closing.  The  results  consequently  are  not  immediately  applicable  to 

F 

I 

[ practical  configurations  wherein  some  variation  in  tube  geometry  occurs  as  well  as 

I a gradual  valve  action  as  opposed  to  the  instantaneous  assumption  employed.  Never- 

f,. 

thelesSf  the  results  of  the  studies  should  have  some  influence  upon  the  nature  of 
the  experimental  work  to.  be  undertaken  in  order  to  develop  intermittent  engines  for 
specific  applications. 

'I 

' The  characteristic  investigations  of  cycles  with  a single  combustion  process 
occurring  in  each  cycle  led  to  the  somewhat  unexpected  conclusion  that  high  values 
of  compression  prior  to  heat  addition  cannot  be  efficiently  achieved  because  of 
the  large  shook  losses  that  would  be  enooiintered.  It  should  be  stressed  that  this 
is  only  true  of  the  straight-tube  configurations  studied  in  this  investigation. 

It  may  be  possible  that  some  method  of  avoiding  the  shock  losses  in  the  unbumed 
gas  prior  to  heat  addition  can  be  developed.  For  the  simple  configuration  initi- 
ally visualized,  however,  the  use  of  shock  waves  continually  reinforced  and  reflected 
in  the  tube,  as  an  agent  for  compression,  would  result  in  very  poor  cyclic  performance. 
The  performance  estimates  obtained  from  the  characteristic  cycles  indicate 
that  the  resultant  specific  fuel  consumption  values  decrease  as  the  relative  volume 
of  gas  burned  per  cycle  is  Increased,  In  these  intermittent  engines,  it  appears 
to  be  more  efficient  to  utilize  the  energy  of  the  heat-addition  process  to  accel- 
erate the  flow  to  produce  thrust  rather  than  high  pressures.  Optimum  performance 
occurs  idien  all  compression  is  obtained  as  a result  of  hammer  or  ran  pressure, 
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The  studies  also  indicated  that  scavenging  difficulties  may  be  encountered 
in  the  static  operating  condition  if  the  relative  combustion  chamber  volume  is 
larger  than  50  percent.  This  would  apply  both  to  the  constant  volume  hammer  cycle 
as  well  as  to  the  cycles  that  were  modified  by  introducing  a secondary  combustion 
zone  in  the  cycle  in  order  to  take  advantage  of  the  existence  of  regions  of  rela- 
tively efficient,  high-pressure  compression. 

Although  insufficient  studies  were  tindertaken  to  determine  the  relative 
merits  of  cycles  with  secondary  heat-addition  regions,  such  studies  may  lead  to 
efficient  high-pressure  Intermittent  engines  of  relatively  single  gec^iiietry.  The 
major  objection,  the  relatively  long  periods  required  for  the  completion  of  scaveng- 
ing, may  only  be  due  to  the  application  of  the  ambient  pressure  boundary  condition. 
It  is  to  be  expected  that  during  the  non-steady  discharge  vhen  the  total  head  and 
velocity  of  the  Jet  are  appreciably  less  than  for  the  surrounding  stream,  an 
appreciable  acceleration  of  the  Jet  would  occur,  due  to  shear  forces  which  would 
alter  the  present  length  of  the  theoretical  cycle. 

As  a result  of  these  studies,  it  is  concluded  that  the  characteristics  of 
the  wave  engine  cycle  prevent  the  attainment  of  performance  equivalent  to  that 
of  present-day  turbojet  engines.  The  theoretical  studies  show  that  Uiis  e^ne, 
in  any  of  the  forms  studied  in  this  paper,  will  occupy  a position  intermediate 
between  that  of  the  ramjet  and  turbo Jet, „ 
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APPENDIX  1 

The  detailed  analysis  of  the  wave  phenomena  for  the  Intermittent  engine 

configurations  was  performed  by  means  of  the  numerical  method  of  characteristics. 

This  methodj  including  details  for  the  representation  of  the  effects  of  heat 

U,5»6 

addition^  has  been  described  elsewhere  , All  of  the  cycles  described  In  the 
report  have  been  included  in  the  Appendix  for  reference.  For  convenience,  these 
cycles  are  summarized  on  pages 58  and  59* 

The  abscissa  and  ordinate  of  the  wave  diagrams  are  given  in  terms  of  the 
usual  dimenslonaless  parameters  L and  where 
I*  “ lAo 

» ^ot/^o 

1^  ■ tube  length 

t B time 

Sq  ■ reference  sound  velocity 

The  encircled  values  on  the  wave  diagrams  denote  the  entropy  value  at  that 
point,  with  the  ambient  condition  taken  as  the  zero  reference  level.  This  entropy 
is  represented  in  the  dimensionless  form 


s ■ 

where s 

s ■ 

dimensionless  entropy  factor 

^ . 

entropy 

R - 

gas  constant 

tt  ■ 

ratio  of  specific  heats 

Heavy  lines  are  usually  employed  to  represent  the  shock  waves.  The  inter- 
face between  hot  and  \mbumed  gas  is  denoted  by  the  dashed  lines.  Local  entropy 
discontinuities  and  particle  paths  are  indicated  by  the  finely  dotted  lines.  The 
only  values  of  pressure,  flow  velocity  and  velocity  of  sound  Included,  are  for  the 
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inlet  and  exit  conditions.  These  values  are  also  given  in  a dimensionless  form, 
the  quantities  being  rendered  dimensionless  by  division  by  the  related  ambient 
quantity, 

P " P/Po 
V - u/a^ 

A » a/a^ 

9 - 

The  conditions  before  and  after  heat  addition  are  based  on  the  average  con- 
ditions of  entropy  and  temperature  obtained.  For  the  case  of  gradual  heat  addition 
and  for  all  conditions  before  heat  addition^  small  variations  in  entropy  and  tem- 
perature occurred.  To  simplify  the  heat-addition  calculations^;  average  values  | 
were  determined  so  that  uniform  conditions  were  obtained  throughout  the  combustion 
chamber  region. 

In  th^  calculations,  the  effect  of  temperature  on  the  ratio  of  speoifio 

I ■ ■ ; ' 

heats  was  represented  as  follows t i 

(a)  during  compression  and  expansion  iT » 1,U 

(b)  during  combustion  JT  ■ 1,36  (cy  ■ 0,19) 

All  performance  values  given  are  for  sea-level  conditions  with 

0 

ambient  air  temperature,  **  518  R 

ambient  air  density  ^ • 0,76  Ibe./cu.ft, 

total  heat  added  q ■ H n^comb) 

combustion  efficiency  “ 0,9 

fuel  heating  value  H ■ 19,200  btu^s/lb, 

fuel-air  ratio  ■ f/a 

For  any  other  altitude  condition,  at  the  same  Mach  number,  the  fuel-air  ratio, 
thrust/unit  area,  specific  fuel  consumption  and  mass  flow/sec/unit  area  may  be 
obtained  using  the  followlx^g  relations  s 
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\ ] 

1! 


(f/«) 


^alt. 


alt. 


(f/a)g  T ? 

S.L. 


0 'S.L. 


(8.F.C.)^^^  - (a  ) 


o'S.L. 


(Thrust/Unit  Area)^^^^  - (Thrust/UaLt  Area)^^^^ 


C»o*  ?o) 


alt, 


o'S.L, 


(*o  ^ ) 

(Mass  Flow/Sec/Unlt  Area)  « (Mass  Flow/Sec/Unit  Area)  — - , ■ -f 

alt.  fa  ?) 

^ 0 ^6^S.L. 


t 


ii 


■I  I 


fi 
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SUMMARY  TABLF.  OF  PERFORMANCE 


FIGURE 

(APPENDIX) 

CYCLE 

TABLE 

FLIGHT 

MACH 

NUMBER 

COMBUSTION 

CHAMBER 

LENGTH 

FUEL-AIR 

RATIO 

MODE  OF* 
AIDmON 

■»* 

S.,F.C.. 

T/A 

PAGE 

U 

1 

2 

0.65 

0.25 

BM 

C.V.C. 

2, .026 

8.65 

61 

IB 

2 

2 

0.25 

2.519 

12.18 

63 

1C 

3 

2 

0.25 

WjMm 

2.665 

11.24 

65 

2k 

1 

3 

0o65 

m 

1/31 

C.V.C. 

2.530 

11.30 

67 

2B 

2 

3 

2.083 

18.80 

69 

2C 

3 

3 

0..25 

2.387 

10.73 

71 



5A 

1 

^ 4 

mmm 

1/58.4 

C.V.C. 

3.76 

3B 

2 

' 4 

■H 

1/52.8 

4.11 

4A 

1 

6 

0..65 

0..25 

1/31 

G.H.A. 

2.484 

8.85 

77 

4B 

2 

6 

0.25 

2.431 

11.10 

79 

4C 

3 

6 

0.25 

3.043 

6.17 

81 

5A 

1 

n 

0.95 

0.25 

1/31 

G.H.A. 

4.311 

3.61 

83 

5B 

2 

mm 

0.25 

2,786 

8.29 

85 

6A 

— 

8 

0.65 

0.25 

1/31 

G.H.A. 

1.986 

9.76 

87 

6B 

8 

0.25 

1.833 

9.22 

89 

6C 

n 

8 

0.,26 

\ 

1.833 

5.55 

91 

7A 

1 

9 

0.65 

0.25 

1/31 

G.H.A. 

2.850 

8.43 

93 

8A 

1 

10 

0 

0.16 

■ G.H.A. 

2.138 

3.90 

95 

H 

1 

12 

0.65 

0.50 

1/Sl 

C.V.C. 

1.754 

17.90 

97 

9B 

2 

12 

0.565 

2.173 

9.27 

99 

9C 

3 

12 

0.555 

1.934 

12.84 

101 

1 

13 

0.95 

0.50 

1/51 

2.086 

19.40 

103 

2 

13 

0.54 

2.200 

10.93 

105 

3 

13 

0.54 

■■i 

2.065 

15.73 

107 

llA 

1 

14 

0.65 

0.60 

1/31 

G.H.A. 

1.881 

14.42 

109 

UB 

2 

14 

0.60 

1.855 

12.84 

111 

nc 

5 

14 

0.60 

1,807 

14.46 

113 

12A 

1 

IS 

0.95 

0.50 

mm 

G.H.A. 

1.932 

21.34 

msm 

12B 

2 

IS 

0.550 

mm 

1.892 

17.03 

EO 

12C 

3 

15 

0.515 

mKM 

1.983 

ie„02 

mmmm 

1 

wM 

0 

1/53 

C.V.C. 

1.872 

7.73 

121 

2 

■9 

1.949 

11.67 

123 

3 

16 

0.500 

1.673 

11,69 

125 

1 14A 

3 

17 

0.95 

0.475 

1/31 

C.V.C.  ' 

2.303 

12.77 

1 

20 

0.65 

0.500 

1/56 

9.74 

129 

2 

20 

0.585 

mm 

2.184 

5.47 

131 

5 

20 

0.585 

1.763 

7.44 

153 
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SUMMARY  TABLE  QF  PERFORMANCE  (Cont) 


FIGURE 

(APPENDIX) 

CYCLE 

TABLE 

FLIGHT 

MACH 

NUMBER 

COMBUSTION 

CHAMBER 

LENGTH 

FOIL-AIR 

RATIO 

f/a 

MODE  OF* 
ArDjnoN 

T.^A 

PAGE 

16A 

1 

21 

0.95 

1/56 

C.V.C, 

1.781 

12.16 

135 

16B 

2 

21 

0,585 

1.975 

7,89 

157 

16C 

3 

21 

1.909 

9.55 

139 

17A 

1 

22 

0.65 

1/56 

G.H.A. 

1.568 

11.20 

■HI 

17B 

2 

22 

0.555 

1.818 

7.92 

17C 

3 

22 

0.460 

2.130 

5.66 

■23 

18A 

3 

23 

0.65 

0.457 

1/56 

G.V.C. 

2.582 

4.62 

147 

19A 

1 

mm 

0.65 

1.000 

1/31 

wmm 

1.807 

18.05 

149 

20A 

■ 

26 

0.65 

Ll=0.350 

L2=0.195 

1,31 

n 

2.111 

16,60 

151 

21A 

1 

27 

0.65 

Li=0.25 

L2r0«085 

1/31 

am 

1.625 

13.00 

155 

22A 

28 

0,65 

Li=0.25 

L2=0.100 

1/31 

G 0 H 0 A 0 

1.601 

11.83 

155 

! 23A 

■ 

29 
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APPtUDlX  2 

In  order  to  carry  out  the  characterlatlcs  calculations,  it  was  necessary 
to  make  a number  of  assumptions  coneemlng  the  heat  addition  process,  valve  clos- 
ihg  time  and  the  flow  boundary  conditions.  These  assumptions  are  discussed  in 
detail  in  Section  2A. 

General  methods  for  construction  of  the  wave  cycles  can  be  found  in  a 
Tnmber  of  recent  articles.  Complete  details  of  the  method  are  not  as  yet  avail- 
able in  print.  For  this  reason,  a brief  review  of  the  procedures  is  given  in 
Section  2B  and  a few  specific  examples  are  worked. 

/ The  engine  performance  parameters  such  as  thrust  per  unit  area,  mass  Ilow 

I - " 

and  specific  fuel  consumption  cui  be  obtained  from  these  charaoterlstio  ^a- 

t 

grhms.  Details  of  the  methods  of  obtaining  this  performance  data,  as  well  as 

jl 

' i^bthods  of  extending  the  performance  obtained  for  a single  altitude  condition 
lo  other  altitude  conditiona,  are  deaerlbed  in  Section  2C . 
heat  Additl<ih  ^eevBBPtione  . 

//  . .1  i; 

ii 

The  prooessee  of  heat  addition  was  represented  by  the  following  modes  of 
heat  additloni 

1.  Constant  volume  oombustlon 

2.  Gradual  heat  addition  with  heat  added  at  a constant  rate. 

For  the  latter  case,  the  combustion  time  was  based  on  the  values  observed  in 
experimental  Intend ttent  engine  Studies  about  1.2  milliseconds.  In  bo-Ui 
eases,  it  was  assumed  that  all  the  gas  particles  in  the  combustion  region 
were  ignited  at  the  same  Instant  and  ti;iat  the  pi’oeess  of  heat  addition  was 
delayed  until  all  the  gas  to  be  burned  reached  approximately  the  same  state. 

Since  the  compression  occurred  through  a reflected  shock  wave,  the  heat- 
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addition  process  was,  therefore,  assumed  to  be  delayed  until  the  shock  traversed 
the  whole  combustion  zone..  This  assmptlon  was  only  made  to  simplify  the  char- 
acteristics calculations.  After  the  shock  passage,  the  pressure  and  temperature 
were  nearly  uniform  in  the  combustion  region.  Average  values  of  pressure  and 
temperature  could,  therefore,  be  used  and  uniform  conditions  could  be  assumed 
for  the  whole  of  the  combustion  region. 

In  the  studies  it  was  found  that  as  a result  of  the  wave  phenomena  estab- 
lished, the  maximum  pressures  prior  to  heat  addition  occurred  at  the  instant  of 
valve  closure.  With  the  delay  assumed  in  the  heat-addition  process  in  order  to 

- " ii  -■ 

bring  all  the  gas  in  the  combustion  chamber  to  approximately  the  same  state,  it 
was  observed  that  the  pressure  in  the  combiistipn  region  gradually  decreased. 

This  pressure  drop  occurred  because  expansion  waves  previously  created  by  valve 
opening  reached  the  ponibustlon  region  shortly  after  the  shock  reflection  and 
caused  a drop  in  the  pressure.  Gonsequentiy,  in  all  the  cycles  studied,  heat 
addition  oocwred  at  pressures  much  lower  than  those  obtained  at  the  instant 
of  valve  closure.  The  assumption  of  the  ignition  delay  was,  therefore,  con- 
servative in  that,  if  ignition  had  been  assumed  to  occur  at  the  instant  the  ^ 
gas  was  brought  , to  rest,  the  assumed  heat  addition  pro.bess  would,  have  been  / 
Initiated  at  much  higher  pressures. 

The  first  heat  addition  mode,  constant  volume  combustion,  was  selected 
primarily  because  of  the  simplicity  of  the  calculations.  Two  different  assump- 
tions vers  made:  the  first,  that  a constant  pressure  rise  of  four  atmospheres 
occurred  during  the  beating  process,  and,  the  second,  that  a constant  amount 
of  heiit,  52p  BTU's  per  lb.  of  air,  was  added  per  cycle.  The  pressure  rise  of 
four  atmospheres  was  initially  assumed  In  order  to  study  the  wave  patt<)m 
generated*  Early  wave  engine  teats  had  Indicated  that  a pressure  rise  of  the 
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order  of  4 atmospheres  was  obtained  during  the  heat  addition  procaos.  In 
succeeding  studies,  it  was  found  to  be  more  convenient  to  employ  a fixed  quan- 
tity of  heat  per  lb,  of  air,  since  the  engine  performance  for  r fixed  ai*- 
fuel  ratio  could  be  determined. 

All  of  the  studies  made  were  for  stralght-tube'config\irations  operat- 
ing with  Instantaneous  valve  opening  and  closing  times.  The  use  of  the  instan- 
tane0U8ly-o|)eratlng  valve  assumption  results  also  in  an  appreciable  slmplicatlon 
of  the  proceduresi  although  it  probably  tends  to  over-emphasize  the  shock  losses 
Actually,  a shock  Is  fozmed  gradually  because  of  a finite  valve  closing  time 
and  is  not  created  instantaneously.  During  the  early  phases  of  the  valve  clos- 
ing the  compression  isj  therefore,  essentially  isentropic^  On  the  other  hand, 

this  assumption  tendste  elli^nate  the  actual  leakage  losses  obtained  during 

!• 

a finite  period  of  closing,  J 

As  yet,  very  few  studies  have  been  undertaken  to  determine  the  validity 
of  the  conventional  boundary  conditions  assumed  in  the  non steady  flow  oaloula- 
tions.  These  are*  ram  pressure  at  the  intake  during  inflow  and  ambient  pres- 
sures at  the  exit  during  outflow  fo^  honchoked  flow  conditions.  Probably  the 
moat  serious  error  is  introduced  by  the  assumption  of  ambient  pressure  during 
the  exhaust-i^ow  phase'.  During  a large  period  of  the  nonsteady  exhaust 
process  at  high  flight  speeds,  when  ^be  velocity  of  the  exhausting  air  becomes 
appreciably  less  'than  that  of  the  srirrounding  stream,  the  total  head  of  the 
ejected  gas  becomes  much  lower  than  that  of  the  ext^hial  flow.  It  would  be 
expected  then,  that  the  exhaust/  gas  would  be  accelerated,  due  to  shear 
effects,  to  a velocity  near  that  of  flight.  This  would  appreciably  alter  the 
Internal  flow  phenomena,  i,e,,  the  rapidity  of  scavenging,  the  internal 
pressure,  and  the  resul-tant  cycle  time.  Since  no  experlmentel  infommtior 
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oonoemlng  the  magnitude  of  this  effect  haa  been  obtained,  the  conservative 
assumption  of  constant  ambitsnt  pressure  during  nonchoked  outflow  has  been  used 


B.  ghe  Mathpd  of  Oharacteristioa 


General  methods  of  conetruotion  of  characteristic  or  wave  cycles  can  be 

4,5 

found  in  a number  of  recent  articles  . Details  of  the  methods,  applicable 
to  a apeolflo  problm,  are  not  as  yet  available  in  print  (see  Reference  6). 
i brief  review  of  sane  of  the  procedures  la  given  in  the  following  pages. 

The  specific  example  selected  is  a wave  cycle  with  the  condi.tlQns» 

(a)  Constant  volume  ocmbostibn 

(b)  M *0.66;  „ . 

(o)  Frassure  rise  at  the  end  of  heat  addition  equal  to  fond  times 
the  initial  pressure. 

^ The  calculations  for  the  gradual  heat  addition  process  are  similar. 

^ th.  addition  it  ».  ...-.d  that  th.  h..t  .ddition 

.^process  in  the  combustion  chamber  was  only  a function  of  time,  and  that  the 
/heat  was  added  at  a constant  rate. 

^ ‘l/^'c  (^o  * combustion  time) 

The  change  in  the  oharaoteristio  values,  as  defined  in  the  following 
septibnf  for  the  heat  addition  process  would  then  be  given  by 

SP-  ^ St-,. 


C.  pfpforiBitnoe  Osiculatlone 

The  total  impulse  generated  per  cycle  may  be  calculated  either  by  in- 
tegration of  the  pressure  forceiS  over  the  >»alls  for  the  cycle,  or  by  inte- 


UrciULVU  vx  ituo  Mueux  aumouvun  xxvw  wsa^  w^CJL^o 


^see  page  171 
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where 

A = tube  area 
P = pressure  ■ 

V = k Po  ( ^6  = over-all  length) 

and  the  subscript  (o)  refers  to  ambient  conditions  and  (e  ) to  exit  conditions. 
In  dimensionless  form  this  may  be  written 


where 


:i  At  - * S-. % 


/•  (1) 


- ac-t 


% . 


The  air  specific. impulse  is  given  by 

— la  = 3^  ■to'tal/iiiassCcycle) 

where  t' 


(2) 


/ 


\' 


l^S  a ^ C ip  refers  to  combustion  chamber), 

- ' • V ■ . 

In  dimensionless  form,  the  air  specific  impulse  is  given  by 

I ' 

The  mass  flow  per  seo..  per  squft.  may  be  determined  from  the  relation 

iSB  per  eye] 
cycle  time 


Hence 


Mass  per  cycle  ^ iiA  A / (?c  \ 

Lo  ’■J'a.  ^ ) ’ 


Mass  flow  per  sec.  _ (Lc  Ae 

Sqofto  ( Z-e  / 


rc 
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or  in  dimensionless  form 


Mass  flow/sec  ^ -J — - 
sqofto  ‘ 


is  ec  \ 

/.e 


Since 


lbs. thirst  Thrust  • 

• ° l».«lrAec  - 

the  thrust  per  sq.  in.  may  be  written 

T lb..  Tc^Cih )«.  ) 


I lbs. 

A aq.in. 


Tc 


The  specific  fuel  consumption  can  be  determined  from 


since 


_ _ _ 3600 

■ la 

If  ~ T7l  * 


The  adiabatic  compression  efficiency  is  defined  by 


^ye,-! 


The  over-all  efficiency  is  defined  in  the  usual  manner: 


^ over-all  * ^ Prop,  ^ ’thermal 


and  can  be  written 


over-all 


= . 


/Sx/» 


where  Uo  is  the  flight  velocity.  This  efficiency  was  calculated  by 
integration  of  the  momentum  flow. 

The  perfomance  parameters  given  in  the  Tables  and  Figures  were 
determined  for  standard  sea-level  conditions.  For  any  other  altitude 
condition  the  performance  parameter  S.F.C.,  Thrust/unit  area  and 
mass  flow/sec/unit  area  may  be  determined  using  the  following  relations: 

- y r cr\ 


(S.RCXit  = 
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(Thrust/unit  area)j,i-t  = (Thrust/unit  area)5  l . 

(Mass  flow  per  sec/unit  area)ai-t  = 

(Mass  flow  per  sec/unit  area)s,,L. 

(^c)  Si.. 


(11) 

(12) 


4^ 


^0~  Si, 

The  ratio  , the  entropy  parameter  in  the  characteristics  calcula- 

tions is  also  dimensionlesso  Consequently, 


(13) 


or 


/S,H  X /<,L. 


and 


which  is  relation  (3  3).  The  remaining  relations  '^lO),  (11),  and  (12)  may 
be  obtained  by  direct  substitution  observing  that 


(t  \ ■' 

K^*)  f L, 


from  (5)  and 


(TJ, 


L+A I 


(HH 


-(T^c. 


^It  , 


- 170  - 

CONFIDENTIAL 


CONFIDENTIAL 


GRAPHICAL  PROCEDURES  FOR  CALCULATION  OF  VAVF  EJIGINE  CYCLE 


The  continuity  and  momentum  equations  for  one-dimensional  nonsteady 


flov  are 


Sfi  . ^ (pu  A)  =0 
2U  Bu  IflP  . 

at  + 8x  p 8x  " ° 

These  may  be  transformed  to  yield 


where 


A = area 


p s density 
u = velocity 
a = velocity  of  sound 
P = pressure 

For  a tube  of  constant  area  and  isentroplc  flow 


SQ  = 


f p '=  0 


a + u = constant 


Q “ a - u = constant 

These  quantities,  P & Q are  constant  along  characteristic  lines  where 
the  characteristic  velocities  are  u -t  a and  u - a,  respectively,.  With 
these  relations  we  can  construct  a characteristic  network  in  the  x,t-plBne 
which  enables  a determination  of  the  flow  parameters  u,a,etc.  at  each 


point  of  intersection. 
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General  Procedure  for  Vave  Engine  Characteristics  Diagram 
with  Constant  Volume  Coabuatlon 


1 

^ /vier 

1 

_H f 

j /e'X/rl 

1 

1 

1 1 

Us— — >1 

1.^ 



Initial  Conditions 

1.  Uniform  flow  through  the  tube  which  is  completely  open,  with  a flow 
Mach  Number  M = 0.65, 

All  quantities  are  dimensionless. 

Pressure,  p = p/po 


Velocity  of  Sound,  A = a/ao 
Velocity,  U = u/a© 

Ti»,,  T 

Length  of  tubOf  L . 

X o 

g 

Entropy  = ^ 


{where  ag  and  pg  are 
reference  Bo\md  velocity 
and  preesura  ^ 


2.  At  some  time,  T/  , the  valve  at  the  exit  closes.  The  flow  vel- 
ocity at  the  closed  valve  equals  zero  and  a shock  wave  Is  created 
which  propagates  into  the  tube. 
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In  ordar  to  determine  conditions  in  (b)  the  change  in  velocity  across 
the  shock  that  is  formed  is  given  by  the  shock  relations,, 

NOTE*  Until  the  shock  reaches  the  inlet  we  have  uniform  flow  in  the 
tube  with  a velocity  U = 0»66<, 

To  determine  the  ratio  ^2/^  across  the  shock  it  is  necessary  to 
revert  to  the  Rankin e-Hugoniot  relations 


„ 2 2 + (y-DMi^ 

^2  = n — 

-(y-1) 


1 + Mi^ 
1 + 


-1/2 


Normal  shock 


Ml 


M2 


and  obtain  relations  between  the  steady  flow  parameters  and  the 
velocities  Ui  and  U2  in  the  nonsteady  flow  casso 

^1-^2  _ AU  . M 

Ul  + Ws 

Ml=^^ 


r _ 1^2  + 


Wg  = Shock  velocity 
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Since  the  entropy  rise  acroas  the  shock  may  be  required,  we  also  have 

£2  _ 2 Y - (y-I) 

Pi  “ 
and 


AS 

yR 


Y-1 


>rtiere 


4o 


a^-ai 

Vhen  the  shock  reaches 
volume  heat  addition 


etc 


( ^ :) 

the  position  L = 0o25  ve  assume 


constant 


II  .>  Characteristic  solution  in  the  heating  region 
1.  Heat  addition 

For  the  heat  addition  ^2/Pq  = 4»0  and  ® 1^4” 
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i/A/u'e 

6(fens 


Immediately  after  the  heat  addition  we  assme  the  rear  valve  opens  and  outflow 
begins,  while,  simultaneously,  a strong  shock  moves  upstream.  The  interface 
(a)  separates  the  hot  and  cold  gas, 

2o  Boundary  conditions 
Exit* 

(a)  The  general  boundary  condition  for  outflow  is  that  the  pressure  at 
the  exit  is  equal  to  the  reference  pressure  Pg  = p^.  This  condi- 
exists  only  when  Uq  < Aq, 

(b)  Since  Ug  can  never  become  greater  than  Ag,  choking  occurs  when 
U®  = A®,  then  Pg  > Pq, 

e»6'. 


5 A2  * 5Ae  + Hg  = constant 


A® 


(b)  Pe/Pe  =(S/6)'^ 
175  - 


Since  Pg  = Po=l'0 
For  Ug  A 6 
For  Ug  = A® 
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Consequently  for  this  particular  diagram  - 
5 A2  + U2  ® P2  = UoSSS 
5 A10+  ^10=  ^’lO” 

«•«  A^o  = Uio  =*  1=8975 
Also  p^Q  = Pe  * 2 o 6054 


Since  ^2  ~ ^ 


Since  PiQ  = 1-0  would  make 
Ulo  ^ ^10 


5„  Solution  across  the  interface 


Pe  = P4 


Ue  =114 

The  strength  of  the  expansion  fan  created  at  point  No.  4,  and 
the  strength  of  the  shock  between  points  No.  1 and  No.  5>  must  be 


selected  so  that  P5  s P4  aci  jss  the  interface. 


_ 2yMi  - (y-1) 

P5  ” ^^+1 

D-I  = (Aa/Ao)^  " P2 


PI 


P5  -^1 
Al 


As 

= Ml  - Ms 


U4  « 5 A4  Q4  = 5 *4  “ «2  ^ ®4  = 

Solving  these  relations  yields 

Pg  = P4  = 5.5524 
Up  = tl4  =-a820 
As  “ 1.566 
A4  ==  2.113 

4.  Deteroination  of  Pts.  6 to  9 «nd  11  to  16  C 
Q remains  constant  going  from  right  to  leftl 

p ri  tains  constant  going  from  left  to  right J 
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are  no  entropy  changes 
and  no, change  in  cross- 
sectional  area. 
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AP  = AQ  = 0 

P2  = P5  = P6  = P?  = Pa  = P9  = Pio  = 

Q2  = 11  <.585  and  = 7o590 

Taking  values  of  Q between  llo385  and  7o590  and  using  the  constant 
value  of  P,  solve  for  U and  A at  these  points 

5A  + D = P A = & U = 2=a 


5A  - U = Q 


In  a similar  manner  - 

Pr  = Pll  = P12  • P*13  ..  M o „ o „ o P10  = Pi7  = 9o745 

Q4  = Q2  ) 

) Since  Q is  constant  going  right  to  left 

®11~  ^5  ) 

) when  there,  is  no  entropy  or  area  change., 

Qi2=  Qe  ) 

5.  Boundary  point  17 

P]_7  = P4  " 9o745  = 5 kjfj  + U27 
Since,  pi7  = Pg  = Po  = loOO,  ^ ^17 


0 


Ai7 


_ loOOO 
e “ P2 


A2 


1„655 


This  value  of  Ag  = l.,655  remains  constant  at  the  exit  as  long  as 


Pe  - Po  Ug  < Agu 

6,  All  subseouent  points  within  the  boundary  formed  by  the  interface, 
Nos.  11  to  93,  the  shock.  Nos.  95-17,  and  the  characteristic  line 
Nos.  11  to  17,  are  determined  in  the  same  manner  since  here  also 
there  is  no  entropy  change  and  no  cross-sectional  area  chpnge.. 

Ill  .Change  in  Characteristics  in  Crossing  Lartie  Erytropy  Discontinuities 
Solution  for  Point  19-19  C ^ . 

Along  the  high  pressure  side  of  the  shock,  point  3,  P is  constant  until 
the  intersection  of  the  first  Q characteristic  with  the  shock. 
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IV  o 


Therefore  Pig  = P5  = 6„010„ 

*5i9  ~ ^11  *^5 


^18  - ^ he*  ^ig 
Qi9  = 5 Ai9  - Uig 


^19  “ ^18 

Pl9  ■ Pl8 


Also  Al/Aj^  remains  conatant«  It  is  equal  to  A3/A4  = 0o646472 

■? 

From  the  characteristics  relations  ' 


5 Ai8  + 5 Aig  a P18  + Qi9 


^ ^ = 0-646472 

Ar  Ai9  A4 


or 

Ai9 

Therefore: 


^18  •*•  ^19  _ ^18  t Qi9 

5(1  + ® '■282360 

6(1 


Aig  = 2,022 

Uig  “ ^18  “ —0,525 
Ai8  = 1^307 


This  procedure  enables  all  points  along  the  interface,  Nos,  18  to  100, 
and  Nos,  19  to  101,  to  be  determined. 

Procedure  for  determining  changing  shock  condJ.tlona  as  characteristics 


overtake  the  shook 
1,  General  Procedure 


In  this  case,  we  know  Pi,  Qi,  and  Q2 

Q _ Q, 

From  4Q,  find  AF 
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Relations 


^2  - Pi  _ 12  _ , 2 


ov^l  U0O 


shock 


‘^2  ~ y_2^ 


r»2 


= K2  Ii-  - «i  * :?:i  (if  -1) 


S2^  , M=  - M,  - . ^ (is  . 


-1) 


1 : 


1 : 


Vi 

I : 

A : 


]i 

ji 

f ' 


Example*  Solution  for  point  No-.  20 

= 5«650,  Qj  = 4o550 

A value  of  Q was  interpolated  between  Noo  5 an(3  No^  18  which  would  reacn 
the  shook  at  No..  20,.  From  AQ/A^  we  determine  AP/Aj^  which  enables  the 
determination  of  A^q  ®hd  U20  ^rom  the  usual  relations,  5A  + U = P 
and  BA  - U = Qo  From  the  A ratios  and  pressure  ratios  which  can  be  ob- 
tained in  terms  of  the  Mach  number,  the  new  value  of  entropy  can  be 
determined  from  the  previously  mentioned  relation  - 

^ ^ n A2/A1  ~ 1/y  P2/P1 

At  No,  20  we  obtain  ^ s 1,5307,  ^ * 4,9785  with  a new  S/yR  = 0,285, 

A^  PI 

Since  the  initial  entropy  change  across  the  shock  equaled  0,358,  Q is  no 
longer  constant  between  No,  5 and  No,  20,  The  cc-'rect  value  of  Q20  can 
be  obtained  by  use  of  the  relation 

iQ  - A ^ 

S20  “ S3 

" ° " *320  " ^3  yR 

This  yields  a new  value  of  Q20  so  that  a new  value  of  P2o>  A2o>  ^20 
and  $20  may  be  determined.  In  general,  one  iteration  is  sufficient  to 
determine  the  value  of  Q20-  For  this  case,  = 7.,55?. 
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V..  Inlet  Boundary  ConditionB 

lo  At  point  No,,  1 the  inlet  valve  is  open.  As  soon  ss  the  shock  reaches 

the  inlet  we  assume  the  valve  closes 
instantaneously  and  the  new  boundary 


^0(  I* 


condition  at  point  No.  21  is  that 

U21  = 0.  The  solution  for  point  No.  21 

is  identical  with  the  solution  for  points 


1 and  2c 


Subsequent  points  along  the  reflected  shock,  Nos.  23,  35,  etc.  are  deter- 
mined in  the  same  manner  as  point  No.  20. 

2»  For  regions  of  variable  entropy  the  changes  of  P and  Q are  determined 
(as  previously)  by  the  relation 
dQ  = AP  = A ^ 

Example!  No.  49 

p - p + . /S49  ~ S57. 

M9  “ ^57  * ^ yR  ^ 

«4fl  - 54$  ♦ >>48 


Hence, 


^49  " 6-478  and  Q4g  = 5.888 

Also,  at  No.  57,  U37  = 0 and  P37  = Q57  since  " ”^37  6^57 

and  P37  = U57  + SAjy.f  - 5 ] 

At  No.  142  the  pressure  as  determined  by  the  relation 

YR  Y-l  *1  Y Pi 


Pi  'ai^ 


/Mi 
7 -y(yr) 

X e 


5.  Inflow  occurs  when  the  pressure  at  the  valve  becomes  equal  to  the 
outside  pressure.  For  the  partictOLar  problem  selected,  the 
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Ps 

surrounding  stagnation  pressure,  equals  ].  3283  Ve  assume  that  when 
the  inside  pressure  drops  to  this  value  the  valve  opens  instantaneously 
and  inflow  takas  place . 

4,  Procedure  for  determining  inflow. 

For  inflow  the  energy  equation  always  holds 


U 


Since  U at  the  inlet  is  and  A at  the  inlet  is  we  obtain  the  rela- 
tion between  P and  Q,  which  must  hold  at  the  inlet.  On  substituting  in 
the  energy  equation 

,_2_  . 2 

2 * Y-1  10 


Example:  Point  No..  189 

¥e  assume  a velocity  which  gives  the  initial  slope  of  the  interface, 
^186  ” *^143  interface  there  is  a temperature  discontinuity 

and 


Ul85  =■•  Ui86 
Pl85  " Pl86 

The  A ratio  is  a constant  along  this  interface  • Since  P2^85  = p^gg., 

AS  2 . 

yR  " Y-1  Ar 


where 


„ ^185 


Ap  ~ Ai86 
In  the  inflow  region  S/yR  = 0 . 

Hence,  we  can  determine  which  equals  Qjg?  Knowing  we  can 
then  find  Pig?:  ^187  A187  • The  correctness  of  the  assumed  initial 

inflow  velocity  may  be  checked  by  drawing  beck  the  characteristic  P105 
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to  the  inlet  and  comparing  with  the  interpolated  value  between 
Pl87  at  this  point u 

VI  Outflow  at  the  Exit 

Vfhen  the  pressure  at  the  exit  becomes  equal  to  Pg,  in  general  Ug  is  less 
than  Ago  For  subsonic  outflow  Ag  is  a constant  (Ag  = lo656)  for  the  hot 
gaSo  Since  Ag  is  fixed,  Ug  can  be  determined  since 

5 Ae  + Ue  = Pg 

The  reflected  characteristic,  Qg,  is  immediately  determined„  Pbints  17 
to  130  along  the  exit  are  determined  in  this  manner^ 

VII  Intarsection  of  Shock  and  Interface 

Characteristics  from  Nos-  51  to  44  overtake  the  characteristic  from 
No-  17  to  93  to  form  a shock-  Therefore  at  No-  101  it  is  necessary  to 
solve  the  intersection  of  the  shock  and  the  interface- 
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In  general^  the  simplest  method  of  solution  is  to  assume  n vtIuc  of 
This  will  determine  the  strength  of  the  refleuted  shock,  Aj^q_,/A^q2.  which 
in  turn  yields  P1Q4/P102  pressure  at  point  No.  104.  Since  the  pres 

sures  are  equal  across  the  interface,  Piqj  - Pi04  ’ pressure  ratio, 

PlQj/piOo»  of*  the  transmitted  shock  gives  A^qs/Aj^qq  . This,  in  turn,  yields 
a new  A ratio  across  the  interface . 

Knowing  A^os/Aioo*  we  find  U]_q3  from  the  shock  relations.  From  f^iQ^/^102 
we  obtain  Ui04 ■ I*  the  assumed  value  of  A1Q4  is  correct,  U103  = nio4 ' 


Pl50  = P151. 

^150  = ^151 

This  problem  may  be  solved  by  procedures  similar  to  those  used  for  the 
Intersection  of  a shock  and  an  Interfaceu 

Assuming  a value  of  Ai^g^.  determines  the  new  strength  of  the  shock  moving 
to  the  right,  the  pressure  ratio  across  the  shock  and  the  value  of  U151 . 
From  the  continuity  of  velocity  and  presBu:’e  at  the  interface  we  find 
Pl5o/Pl48»  the  pressure  ratio  across  the  shook  moving  to  the  left.  This 
in  turn  yields  A150/A148  ^160"  ^150  “ ^^151»  the  assumed  value 

of  Aisi  is  correct:. 

IX  lo  End  of  Scavenging  Period 

When  the  interface  reaches  the  exit,  point  No.  130,  it  is  assumed  that 
the  valve  closes  instantaneously. 
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P129  “ Pl50  ~ Po 
Ui29  = U2_5o 

^130  ~ H ~ 

Ol46  = 0 


In  general,  in  order  to  determine  the  value  of  Pjjjg,  it  may  be  necessary 
to  interpolate  to  obtain  the  correct  characteristic  that  just  reaches 
point  NOo  129 o For  this  case,  however,  since  P does  not  change  between 
the  points  NOo  125  to  the  shock  at  KOo  135,  ri;£9  - 6.>C1C.>  Clnoe 


A^/Ar  = 0 a 646472,  Ajjjg  = 1»070  and  Ui29  = Ul30  “ 0a66O„ 

At  point  Noo  129  the  valve  closes  and  a shock  is  generated  because  of 

*^129  “ *^1^6 

the  sudden  interruption  of  the  flowo  = 0 and  knowing 

the  parameters  behind  the  shock  may  be  determined  in  the  same  manner  as 
points  No  a 21  and  (b)  were  determined  previously » 

2.  Shock  Reflection  at  a Closed  End 


Since  the  boundary  condition  at  point  No  a 154  is  that  U154  = 0,  the 
solution  of  the  reflected  shock  is  obtained  in  the  same  manner  as  in 
the  previous  Section  IX,  1= 
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5.  Two  Shock  Coalescing 


jiU.m 


ues 


This  problem  may  be  solved  by  treating  each  shock  separately..  From 

^172  “ ^171 

the  values  of  Pi7i»  Ql71s  ®nd  Q2.72.“  ^^nd  ApTi  * .also 
Ai72  since  we  know 


Q172  - Qi71 

In  the  same  manner  we  find  — EiZS  *^175  *"  *^172  - 

' . ^172 

Hencej  the  A ratio  across  the  two  shocks,  -ikZI  , is  simply 

A171  » 

A172  Ai75  Ai72 
Ai71  = Ai72  “ Ai7i  , 

For  strong  initial  shocks  this  may  lead  to  an  entropy  discontinuity  at 
the  Junction. 

X Beginning  bf  Second  Cycle 

When  the  shock  reflected  at  point  No.  154  reaches  the  position 
I<  - 0.25,  combustion  occurs  and  the  cycle  is  repeated., 
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AFTEf!  COMBUSTION 

• .• 

■ ' . \ / 


Pr  ^ (Po>  -■ 

Ag^  B(Ao)^  2.2770 

Ug=  0 


AT  THE  EXIT 


WHEN^ 


At-  /.  6549 


ACROSS  THE  INTERFACE 


Af^/Ap-  0.646472 


4? 


w 

. Pl^ 


8.232360 


Ul  - Uig 

Pi^Pn 


11 


INFLOW 


' TUBE  OPENS  WHEN  p^-  A 3283 
> Mr  ,65  P/p^- . 75283  - /cy-- 1.3283 

.96025  - V 1.  0414 

BOUNDARY  CONDITION  = U‘t5A^=  5 Af- 5 422570 


calculations  FOR  STRAIGHT  TUBE  WAVE  ENGINE 

Fig.  1 
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STRAIGl:!!  TUBE  WAVE  ENGINE  WITH  RAM  M = 0 65 


iBt  Cycle 


No 

P 

<i  .. 

U 

W 

U+A 

U-A 

S 

A^/Ai  p/po 

1 

5.650 

4.850 

0,350 

1.000 

1,650 

-0,550 

o 

1 .000  1 .000 

1 OfM) 

2 

11.885 

11.885 

-0 

2,277 

2,277 

-2,277 

2,519 

9.S362 

1 800 

S 

6.010 

7.650 

^.820 

1.566 

0.446 

-2,086 

-1,552 

0,388 

1.3660  5 .5824 

4 

9.745 

11.385 

-0.820 

2,118 

1.298 

-2,958 

2,519 

5.5824 

5 

11.865 

10.686 

0.876 

2,202 

2,677 

-1.827 

6 

11.885 

9;  885 

0,760 

2,127 

2,877 

-1,877 

7 

11.585 

9.185 

1,125 

2.062 

8.177 

-0,927 

8 

11.885 

8.886 

,1.500 

1,977 

8.477 

-0,477 

9 

11.885 

7.960 

1.717 

1,984 

8,651 

-0,217 

10 

11.805 

7,590 

1.8975 

1,8974 

8.795 

0 

2.6054 

U 

9.746 

10.685 

-0,445 

2.088 

1.598 

-2.456 

12 

9. .745 

9.885 

-0.070 

1.968 

1.898 

-2,088 

18 

9.745 

9.185 

'Q,|;SQS 

1,880 

2,1.05 

-1.675 

14 

9,745 

8. 885 

0.680 

1,818 

2.498 

-1.188 

IS 

' 9.745 

7.950 

0,898 

1,770 

2,688 

! -0,872 

16 

9.745 

7.1590 

1,078 

1,784 

2,812 

-0,066 

17 

9.745 

6.805 

1,470 

1.655 

8.125 

-0.185 

1,000 

18 

6.010 

7,060 

-0.626 

1.507 

0.782 

-1.852 

0/888 

19 

9.585 

10.686 

-0.626 

2,022 

1.497 

-2,647 

2,519 

20 

5.952 

7.865 

-0.702 

1.8807 

0,629 

-2,085 

-1,460 

0,285 

1.3807  4.9785 

21 

7.886 

‘7.885 

0 

1,4771 

1.477 

-1.477 

+1,120 

0,.S09 

1,1100  0.9898 

22 

5.955 

t,006 

-0,526 

1.296 

0,777 

-1.615 

0.2B7 

28 

7.348 

7,052 

0,168 

1,438 

1,608 

-1,271 

+1,384 

0,521 

lollOO 

24 

7.01,6 

7i.016 

0 

1,4030 

1.408 

-1.4085 

0,.509 

' 6,9674 

25 

9.585 

91.885 

*0,160 

1.947 

1,797 

-2,097 

26 

9.585 

9,U85 

0.225 

1.872 

2.097 

-1,647 

• •«>  ' 

''  i t 

27 

9.585 

81885 

0,600 

1,797 

2.897 

-1,197 

!l 

28 

9.585 

7.960 

0.818 

1,764 

2.872 

-0,956 

’'V  •• 

29 

9.565 

7.690 

0.998 

1,718 

2.716 

-0,720 

ii‘ 

80 

9.585 

6.806 

1.390 

1,639 

: 3,029 

-0,249 

‘ 1 

81 

9.565 

6.965 

1.510 

1,666  , 

2,966 

-0,346 

1,000  : 

• '' 

82 

6.010 

6.4170 

-0,250 

1,248 

1,018 

-1,478 

0,538 

83 

9.425 

9.535 

-0,250 

1,981 

1.701 

-2,161 

2.519 

34 

5.994 

6.456 

U),251 

1,245 

1,014 

-1,476 

0,327 

*1 

85 

7.863 

6,481 

0.697 

1.374 

1.766 

-0,963 

+1,44 3 

0.348 

1.1086 

86 

7.070 

6.481 

0.294 

1,855 

1,649 

-1,061 

0,548 

!t 

37 

6.428 

6.428  i 

6 

1.286 

1.286 

-1.286 

0,509 

2. ,4173 

38 

9.425 

9.185 1 

0.145 

1.856 

2.003 

-1,7U 

39 

9.425 

8.385: 

0.520 

1.781 

2.301 

-1,281 

40 

9.425 

7,950 

0.758 

1,758 

2,476 

-1,000 

41 

9.425 

7,590 

0,910 

1.702 

2,620 

-0,784 

42 

9.425 

6.805 

1,810 

1.623 

2.983 

-0.315 

' 

43 

9.425 

6.965 

1.250 

1,659 

2,869 

-0,509 

44 

9.425 

7,125 

1.150 

1 = 655 

2,805 

-0,505 

45 

6.010 

5.880 

0,065 

1.189 

1,254 

-1,124 

0,338 

46 

9.265 

9,135 

0,065 

1,840 

1,305 

-1,770 

2,519 

47 

7,181 

5.901 

0.640 

1,308 

1,948 

-0,668 

1,649 

0,368 

1 .1001 

48 

7,084 

5.901 

0.592 

1,298 

1,890 

-0,706 

0,558 
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STRAIGHT  TUBE  WAVE  QJGINE  WITH  RAM  M = 0.65  (Cont.  ) 


No., 

P 

Q 

U 

V 

U+A 

U-A 

Vs 

S 

A2/ ^1 

49 

6.478 

5.888 

0.295 

1.237 

1.532 

-0.942 

0.348 

50 

9.265 

8.385 

0.440 

1,765 

2,205 

-1,325 

51 

9.265 

7,950 

0,658 

1,722 

2,380 

-1,064 

52 

9,265 

7,590 

0,838 

1,686 

2,524 

-0,848 

53 

9.265 

6,805 

1,230 

1,607 

2-85? 

-0.377 

54 

9,265 

6,965 

1,150 

1,623 

2.773 

-0,475 

55 

9.265 

7,125 

1.070 

1.639 

2,709 

-0.569 

56 

9.265 

7,285 

0,990 

1,655 

2.645 

-0,665 

57 

6,010 

5,295 

0,355 

1,130 

1.485 

-0,775 

0,338 

58 

9,095 

8.385 

0,355 

1,748 

2.103 

-1.395 

2,519 

59 

7,084 

5,314 

0,885 

1.240 

2.125 

^,355 

+: ,852 

0,356 

1,0975 

60 

6,490 

5.316 

0,587 

1.181 

1,768 

-0,594 

0.358 

61 

9,095 

7.950 

0,572 

1.704 

2.276 

-1,132 

62 

9,095 

7.590 

0,752 

1.668 

2,420 

-0.916 

63 

9,095 

7,200 

0.948 

1,630 

2.578 

-0,682 

64 

9,095 

6,805 

1,145 

1,590 

2,735 

-0,445 

65 

9,095 

6,965 

1,065 

1,606 

2,671 

-0.541 

66 

9.095 

7,125 

0,985 

1,622 

2,607 

-0,637 

67 

3,095 

7,285 

0.905 

1,638 

2,543 

-0,733 

68 

9,095 

7.455 

0,820 

1,655 

2.475 

-0,855 

69 

6,010 

4,950 

0,530 

1,096 

1,626 

-0,566 

0,338 

70 

9,010 

7,950 

0,550 

1.696 

2,226 

-1,166 

2.519 

71 

7,034 

4,967 

1.034 

1,200 

2,234 

-0,166 

+1.874 

0.355 

1,0949 

72 

6,488 

4.968 

0,760 

1,146 

1.906 

-0,386 

0,356 

73 

9,010 

7,590 

0,710 

1,660 

2,370 

-0,950 

74 

9,010 

7,200 

0,905 

1,621 

2,526 

-0,716 

75 

9.010 

6,805 

1,102 

1.582 

2.684 

-0,480 

76 

9.010 

6,965 

1,022 

1.598 

2.620 

-0,576 

2.519 

1,0101 

77 

9.010 

7,125 

0,942 

1,614 

2.556 

-0.672 

2,519 

78 

9.010 

7,285 

0,862 

1,630 

2,492 

-0,768 

2,519 

79 

9,010 

7,455 

0.778 

1,646 

2,424 

-0,868 

2.519 

80 

9.010 

7.540 

0,735 

1,655 

2.390 

-0,920 

81 

6o010 

4.670 

0.670 

1,068 

1.738 

-0,398 

0.338 

82 

8,930 

7,590 

0,670 

1,652 

2,322 

-0.982 

2,519 

83 

8.930 

7,200 

0,865 

1,613 

2,478 

-0.748 

2,519 

84 

8,930 

6,805 

1,062 

1,574 

2,636 

-0-.512 

2,519 

85 

8,930 

6,980 

0,975 

1,591 

2,566 

-0,616 

-0,569 

2.519 

1.0108 

86 

8,930 

7,125 

0.902 

1,606 

2,508 

-0.704 

2,519 

1,0205 

87 

8.930 

7,285 

0,822 

1,622 

2,444 

-0,800 

2,519 

1,0203 

88 

8.930 

7.455 

0,739 

1,638 

2,376 

-0,900 

2.519 

89 

8,930 

7,540 

0,695 

1.647 

2,342 

-0,952 

2.519 

90 

8,930 

7.620 

0,655 

1.655 

2,310 

-1,000 

2.519 

91 

6,01C 

4,3G0 

0,825 

1,038 

1,862 

-0.212 

0,338 

92 

8,850 

7,200 

0,825 

1,605 

2,430 

-0,780 

2,519 

93 

8.850 

6.805 

1,022 

1.566 

2,588 

-0,544 

2.519 

94 

8,850 

7.140 

0.855 

1,599 

2,454 

-0,744 

-0.654 

2,519 

1,0211 

95 

8.850 

7.285 

0,782 

1.614 

2,396 

-0,852 

96 

8.850 

7.455 

0,698 

1.630 

2,328 

-0,932 

97 

8,850 

7,540 

0,655 

1,639 

2.294 

-0,984 

98 

8.850 

7.620 

0.615 

1.647 

2,262 

-1,032 

99 

8.850 

7,700 

0.575 

1,655 

2,250 

-1,080 
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STRAIGHT  TUBE  WAVE  ENGINE  WITH  RA>!  M - 0 .65  (Cent  J 


13  0 

P 

Q 

U 

W 

U+A 

U-A 

Ws 

S 

A2/A1  f/Po 

100 

6.010 

4 050 

0.980 

1.006 

1.986 

-0  .026 

0,338 

0 .6512 

101 

8.765 

6.805 

0,980 

1,557 

2.537 

-0.577 

2,519 

0 , 6512 

102 

8.765 

7.155 

0,805 

1,592 

2.397 

-0.78? 

-0,697 

2.519 

1 0225  0 .7620 

103 

6.010 

4.330 

0,840 

1 .0338 

1,874 

-0.194 

-0.116 

0 .339 

1,0278  0 .7870 

104 

8.835 

7,155 

0.840 

1,5992 

2.439 

-0.759 

2,519 

1.0044  0.7870 

105 

8.765 

7.455 

0.655 

1.622 

2,27? 

-0,967 

106 

8.835 

7.455 

0.690 

1,629 

2.319 

-0.939 

2,308 

2,519 

1.0045 

107 

6,010 

4.560 

0,725 

1.057 

1,782 

-0.332 

-0.192 

0.341 

1 .0506 

108 

8.905 

7.455 

0.725 

1.636 

2,361 

-0,911 

2 .519 

109 

7.000 

4.686 

1.157 

1.169 

2.326 

-0.012 

2.075 

0.355 

1.0946 

110 

6,488 

4.687 

0.900 

1.118 

2.018 

-0.218 

0 ,356 

111 

6.975 

4.376 

1,300 

1,135 

2.435 

+0,165 

2.190 

0,355 

1 ,0945 

112 

6.487 

4.376 

1.056 

1.086 

2.142 

-0.030 

0.355 

113 

8.765 

7.620 

0.572 

1.638 

2.210 

-1,066 

2.519 

114 

8.840 

7.620 

0.610 

1,646 

2.256 

-1,036 

2.243 

2 ,519 

1,0049 

115 

8.905 

7.620 

0.642 

1.652 

2,294 

-1.010 

2. ,519 

116 

8.765 

7.785 

0.490 

1.655 

2.145 

-l.,165 

2 ,519 

117 

8.845 

7.785 

0.530 

1.663 

2,193 

-1 ,663 

2.178 

2.519 

1.0048 

U8 

8,845 

7.705 

0.570 

1.655 

2,225 

-1,085 

2.519 

119 

8.905 

7.705 

0.600 

1.661 

2,261 

-1 .061 

120 

8.905 

7.645 

0.615 

1,655 

2.270 

-1 ,040 

121 

6.015 

4,690 

0,550 

1.0705 

1.730 

-0  ,410 

0,344 

1,0636  0.9958 

122 

8.940 

7.620 

0.660 

1.656 

2,316 

-0,996 

123 

3.940 

7,705 

0,-618. 

1.664 

2 ,282 

-1.046 

124 

8.940 

7.610 

0.665 

1.655 

2 .320 

-0 .990 

125 

6.010 

4,760 

0.625 

1.077 

1.702 

-0.452 

0,341 

126 

8.955 

7.705 

0.625 

1,666 

2 .291 

-1,041 

127 

8.955 

7.595 

0.680 

1.655 

2.335 

-0,975 

128 

6.940 

4.066 

1.437 

1.101 

2.544 

+0  ,341 

2,304 

0,355 

1.0944  1.1966 

129 

6.010 

4.690 

0.660 

1,070 

1.730 

-0,410 

0 .33^ 

1 0004 

150 

8.935 

7.615 

0.660 

1,655 

2.519 

1,000 

151 

6,950 

4.710 

1,120 

1,166 

2,286 

-0,046 

+0,122 

0,559 

1.0587  1,7735 

132 

6.950 

.4.710 

1.120 

1 .166 

2,286 

-0,046 

+2.049 

0.359 

1,0890  1,7735 

153 

6.950 

4.780 

1,085 

1.173 

2 ,258 

-0  :038 

2,022 

0 .355 

1 .0888 

134 

6.487 

4.144 

1.172 

1.063 

2„235 

+0,109 

0.355 

135 

6.495 

4 .735 

0.880 

1.123 

2.003 

-0,243 

-0  ,091 

0,359 

1.0564 

136 

6.495 

4-784 

0.858 

1..128 

1.986 

-0,270 

0.359 

137 

5.840 

5.840 

0 

1.168 

1,168 

-1.168 

0,309 

1,9241 

138 

5.836 

5,304 

0.291 

1.119 

1.410 

-0,828 

0 .348 

139 

5.336 

4.959 

0 .464 

1 .034 

1.548 

-0,620 

0,348 

140 

5..  397 

4.6^9 

0.604 

1,059 

1.663 

-0  .455 

0 ,358 

141 

5.897 

4.379 

0.759 

1.028 

1.787 

-0  .269 

0.358 

142 

5 .540 

5.540 

0 

1,1078 

1,108 

-1,108 

0,309 

1.3233 

143 

5.553 

5.274 

0.140 

1.083 

1.223 

-0  ,943 

0 .521 

144 

5.582 

4.959 

0.312 

1.054 

1.366 

-0.742 

0.348 

145 

5.582 

4.679 

0.452 

1 ,026 

1.478 

-0  .574 

0,348 

146 

6. .050 

6.050 

0 

1,210 

1 .210 

-1  ,210 

0 .377 

1.1308  2.2430 

147 

6,012 

4 .725 

0.644 

1.074 

1.718 

-0,430 

0 .541 

1.0225 

148 

6.940 

4,738 

1.101 

1.168 

2 .269 

-0.067 

+2  ,029 

0 .355 

1,0875  1,3055 

149 

6.048 

6.050 

-0  ,001 

1.210 

1,209 

-1,211 

0,376 

1,1266  2.2443 

150 

6. ,971 

6.059 

0.456 

1.303 

0 ,383 

1.1160  3,7439 

151 

6.976 

-6.064 

0 .456 

1,304 

0,336 

1.0779  3,7439 
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STRAIGHT  TUBE  WAVE  ENGINE  WITH  RAM  M = 0,65  (Cont) 


No  . 

P 

Q 

U 

A 

U+A 

U-A 

Vs 

S 

A2/A1 

?/Po 

152 

6 .049 

6.049 

0 

1.2098 

1.210 

-1 .210 

0.577 

2 .2430 

153 

6,976 

6,058 

0.459 

1.3034 

1.762 

-0,844 

+1,518 

0,387 

1,0768 

3.7171 

154 

6,990 

6,990 

0 

1,398 

1,398 

-1,398 

-1,159 

0,595 

1,0728 

6,0117 

155 

6,495 

4,770 

0,862 

1,126 

1,996 

-0,242 

0,359 

156 

6,526 

6,062 

0,252 

1,259 

1,491 

-1,027 

-0,709 

0,380 

1,1181 

2.9126 

157 

6,526 

6,060 

0,233 

1,259 

1,492 

-1,026 

0,388 

2.9126 

158 

6,540 

6.970 

-0,.215 

1,351 

1.136 

-1.566 

-1.331 

0..396 

1 ,0731 

4 7190 

159 

6,539 

6.539 

0 

1,3078 

1,3078 

-1,308 

0,395 

3,.  7638 

2 ,2006 

171 

6,251 

4, .130 

1,035 

1.043 

2,074 

-0  .003 

0.356 

172 

6,255 

4,760 

0,740 

1.102 

1,050 

-0,354 

-0.205 

0.360 

1.0566 

173 

6.288 

6,062 

0,113 

1,235 

1.348 

-1,122 

- ,799 

0,390 

1,1207 

174 

6.286 

6,060 

0,113 

1,235 

1,340 

-1,122 

0.388 

1,1841 

175 

6, ,295 

6.930 

-0,318 

1,322 

1,004 

-1,640 

-1,410 

0,595 

1 .0704 

176 

6,295 

6,539 

-0,122 

1,233 

1,161 

-1.405 

0,395 

177 

6„295 

6,295 

0 

1,259 

1.259 

-1,259 

0,395 

2.0344 

170 

6,074 

4,240 

0,917 

1,031 

1,948 

-0,114 

0,356 

179 

6,172 

6,138 

0,017 

1,231 

1,248 

-1 .248 

-0, 734 

0,452 

1,134C 

180 

6,158 

6, .125 

0.016 

1.228 

1,244 

-1,212 

0.441 

2.2712 

181 

5.166 

6, .977 

-0,406 

1,.314 

0,908 

-1,720 

-1,497 

0,448 

1,0700 

5,6114 

2,0916 

182 

-0,222 

1,303 

0,395 

3,6679 

2,1604 

183 

-0,037 

1,3005 

■ 0,395 

3,6192 

2.1399 

184' 

0 

1,299 

0,395 

3,5901 

2,1276 

185 

5,340 

4,930 

0,205 

1,027 

1,232 

-0,022 

0 

136 

5,670 

5,260 

0,205 

1,093 

1,298 

-0.888 

0.309 

187 

5. .420 

4,930 

0,245 

1,035 

1,280 

-0,790 

0 

188 

5.713 

4,959 

0,377 

1,067 

1,444 

-0,690 

0,348 

189 

5,420 

4,810 

0,305 

1,023 

1.323 

-0,718 

0 

190 

5,750 

5,140 

0.305 

1,039 

1,394 

-0,784 

0,509 

191 

5,763 

4,930 

0,416 

1,069 

1,485 

-0,653 

0,321 

192 

5,490 

4,810 

0.340 

1,030 

1,370 

-0  ,690 

0 

193 

5,480 

4,360 

0,440 

1,008 

1,458 

-0,558 

0 

194 

5,800 

4,917 

0,440 

1,072 

1.523 

-0,623 

0,309 

195 

5,895 

4,280 

0.808 

1.018 

1,827 

-0,207 

0,356 

196 

5 .990 

6,138 

-0,074 

1,213 

-0,862 

0,449 

1,1916 

197 

5.582 

4,524 

0,529 

1,011 

1.540 

-0,482 

0,348 
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